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Introduction 

As  of  July  1, 1997, 1  became  an  Assistant  Professor  of  Pediatries  at  the  Baylor 
College  of  Medieine  in  Houston  Texas.  I  am  affiliated  with  the  Section  of  Neonatology 
and  with  Texas  Children’s  Hospital  and  my  lab  is  in  the  U.S.D.A./A.R.S.  Children’s 
Nutrition  Researeh  Center.  Note  that,  sinee  DOD  policy  did  not  allow  the  grant  to  be 
transferred  from  Washington  University  to  Baylor  College  of  Medicine,  F.  Sessions  Cole, 
M.D.  graciously  agreed  to  serve  as  Principal  Investigator  and  to  subcontraet  the  work  to 
me  at  Baylor  College  of  Medicine.  Therefore,  I  am  technically  submitting  this  report  on 
his  behalf 

Glueose  is  critical  to  mammary  epithelial  cells  beeause  it  serves  as  a  fuel  and  as  a 
building  block  for  glycoproteins  and  glycolipids.  Furthermore,  it  is  the  major  substrate 
for  the  synthesis  of  lactose  and  lipid,  which  together  contribute  80-90%  of  the  calories  in 
human  milk.  Lactose  is  the  major  carbohydrate  constituent  of  human  milk  and  the  major 
determinant  of  its  osmolarity,  and  therefore,  of  milk  production.  Synthesis  of  lactose  is 
carried  out  exclusively  within  the  Golgi  apparatus  of  mammary  epithelial  cells,  in  a 
reaction  catalyzed  by  galactosyltransferase  complexed  to  the  tissue-speeifie  protein  a- 
lactalbumin.  Lipid  eomponents  of  human  milk,  which  are  also  primarily  derived  from 
glucose,  provide  about  one-half  of  the  caloric  content  of  milk.  Thus,  regulation  of 
glucose  uptake  in  mammary  epithelia  must  account  for  two  very  different  states,  the 
quieseient  state,  with  a  relatively  small  demand  for  glucose,  and  the  lactating  state,  with 
an  extraordinary  demand  for  glueose  to  fuel  the  high  metabolie  rate  of  the  epithelial  cells 
themselves  as  well  as  to  provide  substrate  for  the  synthesis  of  milk  to  sustain  the  young. 
Breast  caneer  cells  also  exhibit  an  increased  demand  for  glueose.  The  moleeular 
meehanisms  by  which  the  enhanced  transport  of  this  vital  nutrient  into  tumor  cells  is 
accomplished  require  further  investigation.  Elucidation  of  the  molecular  mechanisms  by 
which  the  mammary  epithelia  achieves  the  adaptations  in  glueose  transport  needed  for 
lactation,  and  the  examination  of  their  possible  dysregulation  in  neoplastie  mammary 
epithelium,  form  the  central  goals  of  this  proposal.  The  specific  hypotheses  to  be  tested 
are:  1)  glucose  transport  into  mammary  epithelial  cells  is  subjeet  to  a  high  degree  of 
regulation,  and  2)  abnormal  glucose  transport  in  mammary  epithelial  eells  (i)  is 
assoeiated  with  abnormal  cell  growth,  and  (ii)  may  faeilitate  abnormal  cell  growth.  In 
order  to  test  these  hypotheses,  the  following  specific  aims  were  ehosen:  1)  deseription  of 
the  developmental  and  hormonal  regulation  of  glueose  transport  in  mammary  gland,  2) 
identification  of  novel  proteins  involved  in  glucose  transport  in  lactating  mammary 
epithelia,  and  3)  examination  of  a  possible  association  between  abnormal  glueose 
transport  and  the  neoplastic  phenotype.  The  scope  of  the  work  includes  primary 
mammary  epithelial  eells,  established  mammary  epithelial  cell  lines  in  culture,  and  intact 
mammary  glands  from  mice  and  humans. 
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Body 

Results  and  Discussion  of  Research  Accomplishments  to  Date 

Task  1:  Description  of  the  developmental  and  hormonal  regulation  of  glucose  transport 
and  lactose  biosynthesis  in  CITS  cells  and  in  mammary  gland 

Previous  Annual  Reports  have  described  the  developmental  and  hormonal 
regulation  of  glucose  transport  in  mouse  mammary  epithelial  cells  in  culture  and  in 
mouse  mammary  gland.  During  the  past  year  one  manuscript  based  on  this  work  has  been 
published,  and  a  second  has  been  accepted  for  publication.  These  manuscripts  are 
Appendices  2  and  3. 

Thus,  task  one  has  been  accomplished  regarding  the  mouse.  A  model  involving 
the  induction  of  GLUTl  and  its  retargeting  from  the  plasma  membrane  to  the  Golgi  under 
the  influence  of  the  hormonal  milieu  of  lactation  is  confirmed  by  the  data.  This  model 
serves  well  for  further  experiments  to  understand  the  mechanism  of  the  retargeting  of 
GLUTl. 

During  the  past  two  years,  we  have  turned  our  attention  to  the  human  mammary 
epithelial  cell,  intending  to  accomplish  the  same  imderstanding  in  cells  in  culture.  It  is  not 
possible  to  carry  out  studies  of  the  lactating  human  mammary  gland  in  a  parallel  fashion. 
However,  mammary  epithelial  cells  can  be  isolated  from  milk  during  the  first  week  of 
lactation,  and  from  surgical  specimens.  We  carried  out  our  studies  in  commercially 
available  cells  (Clonetics,  Walkersville,  MD)  derived  from  normal  surgical  specimens. 
This  work  is  described  in  a  manuscript  which  is  in  final  draft  form  for  submission, 
Appendix  4.  An  excerpt  reads: 

Immunofluorescent  microscopy  of  human  mammary  epithelial  eells  in 
maintenance  medium  using  anti-GLUTl  antibody  demonstrated  primarily  plasma 
membrane  distribution  of  GLUTl,  as  well  as  some  intracellular  staining,  mostly  in  a 
perinuelear  pattern.  After  exposure  to  prolactin-rich  medium  for  4  days,  GLUTl  was 
speeifically  targeted  intracellularly,  demonstrating  a  perinuclear  punctate  pattern  as  well 
as  apparent  nuclear  membrane  staining.  Plasma  membrane  staining  was  markedly 
reduced.  In  cells  exposed  to  prolactin,  perinuclear  GLUTl  colocalized  with  ECFP-Golgi, 
a  cyan  fluorescent  protein  fused  to  a  membrane-anchoring  signal  specific  to  (1,4- 
galactosyltransferase,  identifying  the  medial/trans  region  of  the  Golgi. 
Immunocytochemistry  of  cells  exposed  to  prolactin  also  demonstrated  colocalization  of 
GLUTl  with  (a-lactalbumin,  the  milk  whey  protein  that  associates  with 
galaetosyltransferase  to  form  lactose  synthetase,  and  with  (a  -mannosidase  II,  a  medial- 
Golgi  marker.  GLUTl  also  showed  partial  colocalization  with  (P-COP,  a  cis-Golgi 
marker  that  also  marks  the  trans-Golgi  network  and  the  ER-Golgi  boundary.  GLUTl  did 
not  colocalize  with  BODIPY-TR  ceramide,  a  trans-Golgi  marker.  A  brief  exposure  to 
transferrin-Texas  Red  served  to  mark  endosomes,  while  prolonged  exposure  marked 
lysosomes.  Some  perinuelear  punctate  staining  of  GLUTl  corresponded  to  endosomes, 
but  not  to  lysosomes.  Nonspecifie  signal  was  negligible  under  all  conditions. 
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Upon  exposure  of  human  mammary  epithelial  cells  to  prolactin,  GLUTl  is 
targeted  primarily  to  the  medial-Golgi,  colocalizing  with  the  components  of  lactose 
synthetase  complex.  The  initiation  of  (a-lactalbumin  synthesis  that  occurs  at  parturition 
is  required  for  the  initiation  of  copious  milk  production,  but  is  neither  the  only  factor  nor 
the  limiting  factor  controlling  lactose  synthesis.  Our  findings  support  the  importance  of 
GLUTl  for  transport  of  glucose  into  Golgi,  and  suggest  how  a  substrate  required  for 
lactose  synthesis  is  delivered.  Apparent  nuclear  membrane  staining  for  GLUTl  seen  in 
human  mammary  epithelial  cells  has  not  been  reported  previously  in  any  cell  type,  and  its 
significance  is  a  matter  for  speculation  and  further  study.  The  suggestion  that  GLUTl 
does  not  solely  act  at  the  plasma  membrane,  but  may  function  in  an  intracellular 
organelle  as  well,  conceptually  complements  the  well-known  insulin-regulated  targeting 
of  GLUT4,  and  to  a  lesser  extent  of  GLUTl,  to  their  site  of  action,  the  plasma  membrane, 
in  fat  and  muscle  cells.  Our  results  indicate  the  existence  of  a  prolactin-induced,  cell 
type-specific,  developmental  stage-specific  sorting  machinery  for  GLUTl  in  mammary 
epithelial  cells.  The  identification  of  GLUTl  in  endosomes  suggest  that  GLUTl  sorting 
is  a  continuous,  dynamic  process.  Further  work  delineating  the  molecular  mechanism  of 
GLUTl  sorting  and  the  targeting  determinants  it  recognizes  should  improve  our 
understanding  of  a  key  regulatory  step  of  milk  production  in  the  nursing  mother. 

We  have  also  developed  a  ribonuclease  protection  assay  for  detection  of  all 
glucose  transporters  simulataneously.  The  principle  for  this  is  that  a  unique  region  of 
each  glucose  transporter  mRNA,  of  between  150  and  400  nucleotides,  differing  in  size  by 
at  least  20  bases,  have  been  selected.  PCR  primers  for  each  sequence  have  been  made  and 
used  to  synthesize  PCR  products  with  a  T7  promoter  at  the  3  ’end  of  the  antisense 
sequence.  These  PCR  products  served  as  substrate  for  T7  RNA  polymerase,  which  made 
antisense  RNA  species  for  each  sequence.  Specifically,  the  sizes  of  the  probes  are: 
GLUTl,  187;  GLUT2,  273;  GLUT3, 234;  GLUT4, 149;  and  GLUTS,  344.  These  were 
used  as  riboprobes  after  labeling  with  psoralen-biotin  and  used  in  the  ribonuclease 
protection  assay.  If  the  corresponding  mRNA  is  present,  the  labeled  probe  is  detected, 
and  a  signal  of  the  appropriate  size  is  seen.  If  not,  not.  The  strength  of  the  signal  is 
proportional  to  the  amount  of  glucose  transporter  RNA  present.  Since  each  transporter 
gives  a  signal  at  a  unique  size,  we  are  able  to  determine  the  amount  of  each  transporter 
simultaneously.  Figure  1  shows  the  results  of  a  ribonuclease  protection  assay  using 
probes  for  GLUT  1-5  and  for  a-lactalbumin,  P-casein,  and  galactosyltransferase,  key 
indicators  of  differentiated  function  and  lactose  synthesis,  in  mouse  and  human  mammary 
epithelial  cells.  Mouse  cells  show  an  induction  of  GLUTl  and  galactosyltransferase  on 
exposure  to  prolactin  and  hydrocortisone,  but  do  not  express  a-lactabumin  or  P-casein. 
Interestingly  and  surprisingly,  in  contrast  to  reports  from  others,  this  sensitive  assay 
detects  not  only  GLUTl  as  the  predominant  glucose  transporter,  but  also  substantial 
GLUT4  and  GLUT3,  and  a  lesser  amount  of  GLUT2. 

Thus,  I  conclude  that  Task  1  has  been  essentially  accomplished. 

Task  2.  Identification  of  novel  proteins  involved  in  glucose  transport  in  lactating 
mammary  epithelia 
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As  reported  in  the  1999  Annual  Report,  we  had  concentrated  on  differential 
display  as  the  method  of  choice  for  pursuit  of  this  task  One  gene  previously  identified, 
LDH-A,  has  been  further  studied,  and  evidence  regarding  its  induction  by  lactogenic 
hormones  was  provided  in  previous  reports.  We  also  showed  a  2-3  fold  induction  of 
LDH  activity  in  last  year’s  report.  In  order  to  determine  whether  the  presumed  induction 
of  LDH-A  mRNA  by  prolactin  and  hydrocortisone  was  also  associated  with  an  increase 
in  LDH-A  protein,  LDH  isoform  analysis  was  conducted.  The  results  demonstrated  no 
significant  change  in  LDH-A  protein,  and  led  to  a  new  interpretation  of  the  positive 
differential  display  result  and  the  apparent  difference  in  enzyme  activity.  The  results 
suggest  that  the  specific  activity  of  LDH  may  be  increased  by  lactogenic  hormones,  since 
the  amount  of  protein  did  not  change.  While  interesting,  this  observation  is  not  relevant  to 
our  specific  aims,  and  we  have  not  pursued  LDH-A  induction  further. 

Previous  Annual  Reports  included  progress  with  several  novel  expressed 
sequence  tags  identified  by  this  process.  These  ESTs  correspond  to  genes  expressed  in 
response  to  lactogenic  hormones  but  are  actually  unlikely  to  be  specifically  related  to 
regulation  of  glucose  transport.  I  periodically  search  the  rapidly  accumulating  gene 
databases  for  homologies  to  these  sequences.  As  reported  in  1999,  one  of  the  novel 
sequences  we  identified  showed  an  extremely  high  degree  of  homology  with  the  newly 
deposited  sequence  of  human  sec24,  a  protein  required  for  vesicular  transport  from 
endoplasmic  reticulum  to  Golgi.  Our  sequence  appears  to  be  mouse  sec24.  It  is  not 
surprising  that  a  protein  required  for  vesicular  transport  along  the  secretory  pathway 
would  be  induced  during  lactation,  and  this  is  presumably  a  true  positive,  but  irrelevant  to 
our  current  specific  questions  regarding  glucose  transport.  Nevertheless,  it  does  point  out 
an  interesting  area  for  future  investigation. 

As  I  pointed  out  in  the  1999  Annual  Report,  because  a  number  of  recent  papers 
have  appeared  pointing  out  the  difficulties  and  large  amount  of  efforts  and  resources 
required  to  bring  differential  display  analyses  to  a  conclusion,  and  because  of  rapid 
progress  of  the  human  genome  project  information  which  will  facilitate  identification  of 
the  current  sequences,  and  because  of  rapid  development  of  DNA  microchip  arrays, 
which  offer  many  advantages  over  differential  display,  I  deferred  further  pursuit  of  the 
ESTs  at  that  time.  I  do  continue  to  search  the  databases  routinely  for  homology  to  the 
currently  identified  sequences. 

As  reported  in  1999,  because  of  a  report  of  GLUTl-C-terminal  binding  proteins 
that  associate  with  GLUTl  and  alter  its  targeting  (Bunn  et  ah,  1999),  we  undertook  PCR- 
based  screening  to  attempt  to  identify  a  GLUTl-CBP  related  protein  in  lactating  mouse 
mammary  gland.  Four  sets  of  primers  were  chosen  from  the  coding  region,  and  all 
possible  permutations  were  used  with  cDNA  from  a  lactating  mouse  mammary  gland 
cDNA  library.  No  PCR  products  were  obtained,  suggesting  that  neither  GLUTICBP  nor 
any  other  related  protein  is  expressed,  or  that  all  areas  chosen  diverge  sufficiently  in 
structure  such  that  no  PCR  product  was  obtained.  I  will  follow  the  literature  in  this  area 
closely  and  continue  to  screen  for  other  GLUTl  CBPs,  if  any  others  are  identified. 

I  described  in  the  1999  Annual  Report  a  fascinating  and  potentially  very  direct 
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approach  involving  the  use  of  dodecyl  maltoside  and  Blue  Native  protein  electrophoresis. 
This  approach  is  designed  to  not  disrupt  associations  between  proteins;  thus,  the  signal  on 
the  gel  reflects  the  sum  of  the  molecular  weight  of  the  protein  being  detected  and  the 
molecular  weight  of  other  protein(s)  associated  with  it.  When  this  procedure  is  carried 
out  on  iodixanol  density  gradient  purified  Golgi  fractions  form  lactating  mammary  gland 
or  fi*om  CITS  cells  grown  in  secretion  mediixm  (data  not  shown),  a  single  broad  band 
running  at  about  130  kD  was  identified.  The  simplest  interpretation  of  this  would  be  that 
GLUTl  is  associated  with  a  single  protein  of  about  80-90  kD.  This  would  presumably  be 
a  Golgi  resident  protein  responsible  for  retaining  GLUTl  in  the  Golgi.  Note  that 
virtually  no  signal  is  identified  at  about  45  kD,  where  monomeric  GLUTl  would  be  seen; 
thus,  under  these  conditions,  virtually  no  Golgi  GLUTl  exists  as  a  free  integral 
membrane  protein.  The  next  steps  I  described  were  to  further  purify  this  protein  by 
denaturing  gel  electrophoresis  and  by  2-D  gel  electrophoresis,  to  obtain  peptide  sequence 
information,  and  to  identify  the  associated  protein  as  a  known  protein  or  to  clone  it.  The 
most  efficient  purification  scheme  would  use  GLUTl  antibody  to  immunoaffinity  purify 
GLUTl  and  its  associated  proteins.  This  requires  a  large  amount  of  antibody,  and 
necessitated  that  we  raise  our  own  antibody  to  GLUTl  rather  than  rely  on  kind  gifts. 
Rabbit  antibody  was  raised  against  the  sequence  SGFRQGGASQSDKT,  amino  acids 
464-477,  and  also  to  PEELFHPLGADSQV,  amino  acids  478-491.  This  antibody  has 
been  purified  and  characterized.  To  improve  our  purification  scheme,  we  have  recently 
needed  to  concentrate  on  preparation  of  a  more  highly  enriched  and  intact  Golgi  fraction, 
and  have  succeeded  using  nitrogen  bomb  rather  than  homogenization  (data  not  shown). 
Thus,  we  have  developed  an  approach  to  identification  of  the  GLUTl -associated  protein. 
This  will  be  the  goal  of  a  subsequent  research  proposal. 

Task  3.  Examination  of  a  possible  association  between  abnormal  glucose  transport  and 
the  neoplastic  phenotype 

I  chose  to  begin  our  studies  of  neoplastic  cells  with  well  established  cultured  cell 
lines,  so  we  could  develop  an  understanding  of  the  mechanisms  of  glucose  transport  in 
neoplastic  mammary  epithelia  before  utilizing  human  tissue.  These  experiments  were 
generally  designed  to  test  the  hypothesis  that  neoplastic  mammary  epithelial  cells  would 
demonstrate  high  levels  of  glucose  transport  activity  and  GLUTl  protein  to  support  a 
high  rate  of  glucose  utilization,  and  that  GLUTl  in  these  cells  would  be  targeted 
primarily  to  the  plasma  membrane,  again  in  order  to  support  a  high  rate  of  glucose 
utilization.  The  hope  I  set  forth  in  my  proposal  was  that  activation  of  the  Golgi  targeting 
mechanism  for  GLUTl  in  a  neoplastic  cell  might  serve  to  deprive  the  cell  of  substrate, 
limit  its  growth,  and  make  it  more  vulnerable  to  chemotherapy. 

In  the  1998  Annual  Report  I  described  our  results  with  MCF7  cells,  a  non¬ 
metastatic  line,  and  MD  A23 1  cells,  a  metastatic  line.  In  brief,  MCF7  cells  showed  very 
low  glucose  uptake  and  were  not  responsive  to  prolactin  and  hydrocortisone.  In  contrast, 
MDA231  appeared  to  demonstrate  an  exaggeration  of  the  pattern  seen  in  CIT3  cells,  with 
a  very  high  glucose  uptake  under  basal  condition,  and  73%  inhibition  by  prolactin  and 
hydrocortisone,  consistent  with  very  high  total  cellular  levels  of  GLUTl  with  highly 
regulated  changes  in  subcellular  distribution  paralleling  those  seen  in  CIT3  cells. 
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However,  hormonal  treatment  affected  neither  the  amount  nor  the  subcellular  targeting  of 
GLUTl  in  MDA231  cells,  and  there  was  very  little  GLUTl  detected  in  the  homogenate 
and  plasma  membrane  fractions,  suggesting  that  GLUTl  was  not  the  glucose  transporter 
responsible  for  the  very  high  rates  of  glucose  transport  activity. 

We  have  concentrated  during  the  past  two  years  on  understanding  the  intracellular 
compartment  to  which  GLUTl  is  targeted  and  the  mechanisms  involved.  This  has  proven 
to  be  a  difficult  task;  note  that  Appendix  2,  an  in  press  manuscript  describing  GLUTl 
targeting  in  normal  mouse  mammary  epithelial  cells,  includes  extensive 
immunocytochemical  analysis  to  characterize  this  compartment,  which  can  be 
distinguished  from  classical  Golgi  stacks  but  is  nevertheless  highly  sensitive  to  Brefeldin 
A  and  very  low  in  density.  It  was  necessary  to  fully  understand  glucose  transporter 
targeting  in  normal  cells  as  a  basis  for  comparison  for  neoplastic  cells. 

These  studies  have  involved  two  major  areas,  immunocytochemistry  in  fixed 
cells,  and  immunofluorescence  due  to  the  expression  of  GLUTl-EGFP  fusion  proteins  in 
living  cells.  The  use  of  fluorescent  fusion  proteins  of  GLUTl  is  attractive  because  their 
use  avoids  potential  artifacts  of  fixation,  allows  the  study  of  the  same  cells  over  time, 
permits  studies  of  exocytosis  and  endocytosis,  not  just  steady  state  distributions, 
facilitates  studies  of  organized  cells  in  extracellular  matrix,  permits  Fluorescence 
Resonance  Energy  Transfer  (FRET)  studies  of  molecular  interactions,  permits  targeting 
of  chimeric  proteins  to  be  evaluated  in  an  antibody-independent  fashion,  and  confirms  we 
are  studying  GLUTl,  not  a  novel,  lactation-specific  Golgi  glucose  transporter  iso  form 
that  shares  the  GLUTl  epitope.  In  the  1998  Annual  Report,  the  successful  construction 
of  an  expression  vector  for  a  GLUTl-EBFP  (enhanced  blue  fluorescent  protein)  fusion 
protein,  and  the  expression  of  this  fusion  protein  by  liposome-mediated  transfection  of 
CIT3  cells,  was  discussed.  We  initially  chose  blue  fluorescent  protein  constructs  so  that 
green  signal  could  be  reserved  for  other  proteins  or  markers.  However,  work  during  the 
past  two  years  led  us  to  conclude  that  the  blue  fluorescent  protein  constructs  were 
plagued  by  rapid  photobleaching  and  such  a  weak  blue  fluorescent  signal  that  their  use 
was  limited  to  static  images,  and  therefore  not  useful  for  studies  of  trafficking  kinetics. 
We  also  explored  the  possible  usefulness  of  red  fluorescent  proteins,  but  found  artifactual 
targeting  prohibited  their  use.  This  work  is  described  in  Appendix  5,  Usefulness  of  Blue, 
Green,  and  Red  Fluorescent  Protein  Chimeras  in  the  Study  of  GLUTl  Glucose 
Transporter  Intracellular  Targeting  in  Mouse  Mammary  Epithelial  Cells,  a  draft 
manuscript.  The  abstract  reads: 

GLUTl  is  the  only  glucose  transporter  iso  form  expressed  in  the  mammary  gland. 
Hormonally  regulated  subcellular  targeting  of  GLUTl  from  the  plasma  membrane  to 
Golgi  is  important  for  lactose  synthesis  in  lactation.  The  purpose  of  this  study  was  to 
generate  mammary  epithelial  cells  expressing  blue,  green  or  red  fluorescent  protein 
chimeras  of  GLUTl  in  order  to  assess  their  usefulness  in  the  study  of  GLUTl 
intracellular  targeting.  GLUTl  cDNA  was  subcloned  into  pEBFP-Nl,  pEGFP-Nl  and 
DsRedl-Nl  (Clontech).  EGFP  and  EBFP  are  enhanced  green  and  blue  variants  of  the 
well  studies  green  fluorescent  protein  (GFP)  from  the  jellyfish  Aequorea  victoria,  and 
DsRedl  represents  a  red  fluorescent  protein  from  the  anemone  relative  Discosoma  striata. 
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After  liposome-mediated  transfection  of  CITS  mouse  mammary  epithelial  cells, 
fluorescent  signal  was  observed  in  transient  transfections.  GLUTl  redistribution  from 
plasma  membrane  to  Golgi  in  mammary  epithelial  cells  upon  conditions  mimicking 
lactation  was  demonstrated  using  GLUTl-EGFP  chimeras.  As  opposed  to  the  easily 
detected  green  fluorescent  signal  of  these  chimeras,  the  blue  fluorescent  signal  of 
GLUTl-EBFP  fusion  chimeras  was  very  weak,  and  susceptible  to  rapid  photobleaching, 
thus  limiting  their  usefulness.  The  newly  reported  red  fluorescent  protein  DsRedl  has  an 
easily  detected  red  signal,  but  did  not  exhibit  the  expected  intracellular  pattern  seen  with 
EGFP  and  EBFP.  The  GLUTl-DsRedl  chimera  did  not  follow  the  distribution  of  native 
GLUTl,  nor  did  it  co-localize  with  GLUTl-EGFP  chimera.  Thus,  chimeras  including  this 
red  fluorescent  protein  were  not  useful  in  the  study  of  GLUTl  trafficking.  Our  findings 
raise  major  concerns,  whether  DsRedl  will  be  useful  in  the  study  of  other  proteins  in 
different  cell  types.  Our  future  studies  will  utilize  chimeras  of  GLUTl  and  EGFP,  rather 
than  EBFP  or  DsRedl,  for  co-localization  and  intracellular  trafficking. 

Studies  were  carried  out  using  both  transient  transfection,  with  analysis  at  24-96 
h,  and  by  stable  transfection,  using  1)  CaP04,  2)  DEAE-Dextran,  3)  Polycationic 
transfection  reagent  (SuperFect),  and  4)  Liposome-mediated  transfection 
(LipoFectAmine).  These  studies  were  done  systematically  to  determine  the  optimal 
transfection  system.  For  further  details,  please  refer  to  Appendix  6,  the  draft  manuscript 
“Cationic  liposome-mediated  stable  transfection  of  CITS  mouse  mammary  epithelial 
cells.”  The  abstract  reads: 

Transfection  of  mammary  epithelial  cells  can  provide  important  insights  into  the 
molecular  biology  of  milk  secretion  and  breast  cancer.  Difficulties  transfecting  these  cells 
have  been  reported  previously.  We  compared  the  relative  transfection  efficiency  of 
CaP04,  DEAE-Dextran,  cationic  polymers  and  cationic  liposomes.  CITS  mouse 
mammary  epithelial  cells  were  transfected  with  green  or  blue  fluorescent  protein 
expression  vectors.  Transfection  efficiency  was  highest  for  cationic  liposomes  compared 
to  all  other  transfection  methods  (p<0.05).  Fluorescence  was  detected  in  31+4%  of  these 
stably  transfected  colonies.  Cationic  liposome-mediated  stable  transfection  efficiently 
yields  stably  transfected  mammary  epithelial  cells  with  a  high  frequency  of  exogenous 
gene  expression. 

We  devoted  our  major  recent  effort  to  studies  of  expressed  GLUTl-EGFP  fusion 
proteins  in  normal  mouse  mammary  epithelial  cells.  These  studies  are  essential  for 
interpretation  of  studies  in  cancer  cells  and  are  described  in  Appendix  7,  a  draft 
manuscript,  “Dynamic  Hormonally  Regulated  Targeting  of  the  GLUTl  Glucose 
Transporter  in  Mouse  Mammary  Epithelial  Cells.”  The  key  advance  is  the  study  of 
targeting  in  the  same  cell  over  time,  permitting  an  understanding  of  the  dynamics 
underlying  the  steady  state  as  well  as  a  model  system  for  perturbation  with  specific 
agents  that  influence  transporter  targeting.  The  abstract  reads: 

The  mammary  gland  is  unique  in  its  requirement  for  transport  of  free  glucose  into 
the  Golgi,  the  site  of  lactose  synthesis.  GLUTl  is  the  only  known  isoform  of  glucose 
transporter  expressed  in  the  mammary  gland.  Lactogenic  hormones  cause  targeting  of 
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GLUTl  to  the  Golgi.  Mechanisms  of  intracellular  targeting  of  GLUTl  are  not  known. 
Hypothesis:  GLUTl  intracellular  targeting  under  hormonal  stimulation  is  dynamic. 
Methods:  To  construct  fusion  proteins  of  GLUTl  and  green  fluorescent  protein  (GFP), 
cDNAwas  subcloned  intopEGFP-Cl  andpEGFP-Nl  (Clontech).  GFP-GLUTl  fusion 
proteins  were  expressed  in  CIT3  mouse  mammary  epithelial  cells  (M.C.  Neville, 
University  of  Colorado)  using  liposome-mediated  transfection.  Cells  were  maintained  in 
growth  medium,  or  exposed  to  prolactin  at  different  concentrations  and  for  different 
times.  To  further  define  the  intracellular  trafficking  mechanisms  involved  in  GLUTl 
targeting  and  recycling  in  mammary  epithelial  cells,  cells  were  also  exposed  to  inhibitors, 
which  affect  GLUTl  and  GLUT4  targeting  in  muscle  and  fat  cells,  including  bafilomycin 
Al,  wortmannin  and  staurosporine.  Cells  were  studied  at  37°C.  Time  lapse  fluorescent 
images  were  captured  by  an  uncooled  CCD  camera.  Results:  In  growth  medium,  the  N- 
and  the  C-terminal  fusions  of  GFP  and  GLUTl  demonstrated  plasma  membrane 
targeting.  Prolactin  changed  subcellular  targeting  of  both  fusion  proteins  to  an 
intracellular  punctate  pattern,  as  seen  with  native  GLUTl.  Time  lapse  images  revealed 
dynamic  trafficking  of  GFP-GLUTl  fusion  proteins.  Upon  exposure  to  prolactin,  GLUTl 
fusion  proteins  were  redistributed  intracellularly,  starting  after  approximately  50-60 
minutes,  with  maximal  intracellular  targeting  within  90-110  minutes.  When  the  cells 
were  returned  to  GM,  most  of  the  changes  were  reversible.  Bafilomycin  Al ,  which 
causes  arrest  of  endosomal  acidification,  caused  central  coalescence  of  GFP-GLUTl  and 
the  loss  of  peripheral  vesicles.  Wortmannin  and  staurosporine  effects  on  internalization  of 
GLUTl  were  not  specific  to  mammary  epithelial  cells  or  prolactin  exposure,  but 
supported  basal  recycling  of  GLUTl.  Conclusions:  Our  results  demonstrate  a  basal 
constitutive  GLUTl  membrane-recycling  pathway  between  an  intracellular  pool  and  the 
cell  surface  in  mouse  mammary  epithelial  cells,  which  targets  most  of  the  GLUTl  to  the 
plasma  membrane  in  maintenance  medium.  Upon  exposure  to  prolactin  GLUTl  is 
specifically  targeted  intracellularly.  This  change  takes  place  within  hours,  and  may 
support  glucose  transport  as  a  rate-limiting  step  for  lactose  synthesis  during  lactation. 
Arrest  of  endosomal  acidification  by  bafilomycin  Al  disrupts  this  process,  which  implies 
trafficking  via  endosomal  pathways. 

As  reported  in  the  1999  Annual  Report,  we  have  also  studied  cancer  cells.  We 
continue  to  concentrate  on  the  MCF7  and  MDA231  cells  at  this  point.  Studies  using 
transient  transfection  are  showed  the  unique  intracellular  targeting  of  GLUTl-EGFP  to 
intermediate-size,  GLUTl -dense  vesicles  in  MCF7  cells  in  growth  medium.  Little 
colocalization  with  Bodipy-TR  ceramide  was  seen.  This  is  particularly  interesting,  since 
we  were  unable  to  detect  the  cell’s  own  GLUTl  using  our  standard  immunofluorescence 
techniques.  Strikingly  similar  results  were  obtained  in  MDA23 1  cells.  Thecis-Golgi 
marker  beta-COP  showed  no  colocalization  with  the  GLUTl-EGFP  fusion  protein  in 
these  cells. 

We  reported  in  1999  a  considerable  investment  of  effort  to  isolate  and  expand 
stably  transfected  clones  of  cells  expressing  the  fusion  proteins,  and  we  had  several 
unique  colonies  for  each  cell  type  at  that  point.  Multiple  independent  clones  must  be 
studied  in  order  to  conclude  that  results  are  not  a  function  of  clonal  variation  or  of 
inappropriate  levels  of  fusion  protein  expression.  A  very  significant  obstacle  to  our 
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progress  was  that  expression  of  exogenous  protein  did  not  occur  in  the  thawed  cells.  This 
appears  to  be  due  to  toxicity  of  the  GFP  under  prolonged  exposure,  and  recent 
modifications  in  the  structure  of  GFP  by  Stratagene  appear  to  overcome  this  problem. 
This  necessitates  that  we  discard  our  frozen  stocks  and  redo  the  work  with  the  modified 
GFP  vector.  We  continue  to  see  many  advantages  to  the  use  of  a  stable  transfection 
system,  with  a  greatly  reduced  potential  for  artifact  and  ease  of  expression  of  a  second 
fluorescent  protein. 

We  have  also  used  the  ribonuclease  protection  assay  to  study  GLUTl-5  in  MCF7 
and  MDA231  human  breast  cancer  cells.  The  results  show  that  GLUTl  and  GLUT4  are 
the  major  transporters,  and  that  GLUT2,  GLUTS,  and  GLUTS  are  not  expressed  (Figure 
2).  Also,  mRNAs  for  the  key  proteins  of  lactation,  a-lactalbumin,  P-casein,  and 
galactosyltransferase,  are  not  detectable  in  these  cells  (Figure  3).  Since  GLUTl  and 
GLUT4  are  intracellular  in  these  cells,  this  suggests  that  it  is  a  novel  glucose  transporter, 
or  “oncotransporter,”  that  is  important  in  these  cells. 

We  also  sought  under  Task  3  to  study  effects  of  altered  glucose  transport  on 
mammary  epithelial  cell  phenotype,  including  transport  properties  and  nutrient 
utilization.  A  key  requirement  of  a  model  system  is  the  ability  to  synthesize  lactose,  and 
we  expended  considerable  effort  trying  to  identify  specific  conditions  to  maximize  this. 
Despite  this,  even  the  use  of  a  radioisotopic  method  to  detect  very  small  amounts  of 
lactose  was  unsuccessful.  We  used  the  ribonuclease  protection  assay  to  try  to  identify 
hormonal  conditions  that  would  support  lactose  synthesis.  Figure  4  demonstrates  that 
even  with  triple  the  usual  concentrations  of  prolactin  and  hydrocortisone,  there  was  no 
expression  of  a-lactalbumin  in  our  cultured  cells.  This  explains  the  lack  of  lactose 
synthesis.  The  absence  of  P-casein  and  the  lack  of  increase  in  galactosyltransferase  serve 
to  confirm  the  lack  of  differentiated  function  even  under  these  conditions.  A  critical 
future  direction  for  research  is  the  development  of  a  valid  in  vitro  system  to  study  lactose 
synthesis. 

In  summary,  with  respect  to  Task  3,  at  this  point  we  have  demonstrated  that  the 
neoplastic  phenotype  of  mammary  epithelial  cells,  but  not  the  normal  phenotype, 
includes  an  absence  of  plasma  membrane  targeting  of  GLUTl,  which  is  instead  targeted 
to  an  intracellular  compartment  which  does  not  appear  to  be  Golgi.  The  results  therefore 
indicate  that  the  intracellular  targeting  of  GLUTl  is  not  caused  by  an  abnormally  timed 
triggering  of  the  GLUTl  targeting  mechanism  operative  during  lactation.  Rather,  it 
represents  a  mechanism  specific  to  the  neoplastic  cell.  We  have  defined  the  intracellular 
compartment  in  which  GLUTl  resides  in  normal  cells,  with  the  realization  that  Golgi- 
related  vesicles  are  an  important  destination.  Documenting  this,  and  the  dynamic  nature 
of  glucose  transporter  targeting  in  these  cells,  consumed  the  time  and  resources  available 
from  this  project.  We  intend  in  a  future  proposal  to  execute  studies  of  human  tumors  and 
transplanted  mouse  mammary  glands  now  that  we  have  identified  this  compartment  and 
useful  markers  for  it.  The  results  also  suggest  that  neoplastic  cancer  cells  do  not  rely  on 
GLUTl  for  transport  of  glucose  across  the  plasma  membrane,  and  suggest  another  focus 
for  future  research  will  be  identification  of  the  protein  which  does  facilitate  the  transport 
of  glucose  across  the  plasma  membrane  of  breast  cancer  cells. 
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The  Specific  hypotheses  to  be  tested  in  this  project  were:  1)  glucose  transport  into 
mammary  epithelial  cells  is  subject  to  a  high  degree  of  regulation,  and  2)  abnormal 
glucose  transport  in  mammary  epithelial  cells  (i)  is  associated  with  abnormal  cell  growth, 
and  (ii)  may  facilitate  abnormal  cell  growth.  The  results  demonstrate  that  glucose 
transport  into  mammary  epithelial  cells  is  indeed  subject  to  a  high  degree  of  regulation. 
The  results  also  clearly  demonstrate  that  the  neoplastic  state  is  associated  with  abnormal 
glucose  transporter  targeting  and  unrecognized  mechanisms  for  glucose  transport  across 
the  plasma  membrane.  The  results  will  serve  as  a  solid  foundation  for  my  future  work  in 
this  area. 
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Key  Research  Accomplishments 

•  In  normal  mouse  and  human  mammary  epithelial  cells  in  culture,  the  GLUTl  glucose 
transporter  is  induced  by  prolactin  and  hydrocortisone  and  undergoes  a  change  in 
intracellular  trafficking  from  a  plasma  membrane  distribution  to  an  intracellular 
pattern  consistent  with  targeting  to  the  Golgi. 

•  In  mouse  mammary  gland,  the  GLUTl  glucose  transporter  is  induced  during 
pregnancy  and  lactation  and  undergoes  the  same  change  in  intracellular  trafficking 
described  above. 

•  Golgi  targeting  of  GLUTl  in  mouse  mammary  gland  during  lactation  is  reversible 
and  is  influenced  by  suckling  and  weaning. 

•  In  MCF-7  and  MDA-23 1  human  cancer  cells,  GLUTl  is  targeted  not  to  the  plasma 
membrane,  but  to  an  intracellular  compartment,  and  is  not  subject  to  hormonal 
regulation. 

•  Liposome-mediated  transfection  can  be  used  efficiently  in  both  normal  and  neoplastic 
mammary  epithelial  cells. 

•  In  cancer  cells,  GLUTl  levels  and  subcellular  targeting  are  not  correlated  with 
glucose  transport  activity.  The  regulation  of  glucose  transport  activity  by  prolactin 
and  hydrocortisone  in  these  cells  suggests  the  possibility  of  another  glucose 
transporter  playing  an  important  role. 

•  Fusion  proteins  of  GLUTl  with  green  fluorescent  protein  reveal  dynamic  intracellular 
trafficking  of  GLUTl  in  both  normal  and  neoplastic  cells  and  will  be  an  important 
tool  in  understanding  aberrant  glucose  transporter  targeting  in  cancer  cells. 

•  An  intact  endosomal  pathway  is  required  for  appropriate  GLUTl  targeting. 

•  Ribonuclease  protection  assay  demonstrates  that  normal  mammary  epithelial  cells 
express  GLUTl,  GLUT2,  GLUTS,  GLUT4,  and  not  GLUTS,  but  only  GLUTl  and 
GLUT4mRNA  is  detected  in  neoplastic  cells. 
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Conclusions 


1 .  In  normal  CITS  mammary  epithelial  cells,  GLUTl  colocalizes  with  Golgi  markers  b- 
COP  and  a-mannosidase  but  not  with  the  trans-Golgi  marker  Bodipy  TR-ceramide. 

2.  GLUTl  targeting  to  Golgi  is  sensitive  to  Brefeldin  A. 

3.  There  are  no  higher  molecular  weight  isoforms  of  GLUTl . 

4.  Glycosylation  plays  no  role  in  GLUTl  targeting  to  Golgi. 

5.  There  is  no  evidence  that  lactogenic  hormones  stimulate  expression  of  a  novel 
glucose  transporter. 

6.  Forced  weaning  disrupts  targeting  of  GLUTl  to  Golgi  even  more  rapidly  than 
reported  last  year. 

7.  Golgi  markers  demonstrate  heterogeneity  in  subcellular  distribution  in  mammary 
gland. 

8.  Changes  in  Golgi  markers  with  forced  weaning  suggest  that  changes  in  GLUTl 
targeting  during  that  time  may  reflect  a  dynamic  reorganization  process  affecting  all 
Golgi  constituents. 

9.  Sec24  is  differentially  expressed  in  response  to  prolactin  and  hydrocortisone. 

10.  GLUTl-EBFP  fusion  protein  offers  the  opportunity  to  study  transporter  targeting  in 
living  cells. 

11.  Golgi  GLUTl  purified  under  non-denaturing  conditions  has  an  apparent  molecular 
weight  of  130  kD,  suggesting  that  it  may  be  associated  with  a  protein  of  70-90  kD. 

12.  MCF7  cancer  cells  exhibit  very  low  rates  of  glucose  transport. 

13.  MDA231  cells  exhibit  very  high  rates  of  glucose  transport  but  do  not  appear  to  utilize 
GLUTl  for  this  purpose,  suggesting  expression  of  a  novel  transporter  or 
“oncotransporter .  ” 

14.  MDA231  cells  sequester  GLUTl  in  an  atypical-appearing  intracellular  compartment 
whether  or  not  prolactin  and  hydrocortisone  are  present. 

15.  GLUTl  targeting  in  human  mammary  epithelial  cells  isolated  from  milk  parallels 
findings  in  mouse  cells. 

16.  Liposome-mediated  transfection  is  highly  efficient  in  mammary  epithelial  cells. 

17.  There  is  currently  no  evidence  that  a  GLUTl -C-terminal  binding  protein  regulates 
GLUTl  targeting  in  mammary  gland. 

18.  GLUTl-EBFP  fusion  proteins  are  insuffuciently  sensitive  to  be  useful. 

19.  GLUTl-DsRedl  fusion  proteins  are  not  useful  due  to  artifactual  targeting. 

20.  GLUTl-EGFP  fusion  proteins  are  valuable  tools  for  understanding  the  dynamics  of 
glucose  transporter  targeting  in  mammary  epithelial  cells. 

21.  Glucose  transporter  targeting  is  a  dynamic  process  in  both  normal  and  neoplastic 
mammary  epithelial  cells. 

22.  An  intact  endosomal  pathway  is  required  for  normal  glucose  transporter  targeting. 

23.  Intracellular  targeting  of  GLUTl  in  neoplastic  mammary  epithelial  cells  is  unrelated 
to  intracellular  targeting  of  GLUTl  to  Golgi  during  lactation. 

24.  Mammary  epithelial  cells  in  culture  do  not  express  a  variety  of  glucose  transporters 
but  do  not  express  a-lactalbumin  and  do  not  synthesize  lactose. 

25.  The  expression  of  GLUT2  and  GLUT3  is  suppressed  in  neoplastic  mammary 
epithelial  cells. 

26.  Known  glucose  transporters  do  not  account  for  glucose  uptake  in  neoplastic 
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mammary  epithelial  cells. 

So  what?  The  results  provide  insight  into  the  normal  function  of  the  mammary 
gland,  the  production  of  milk.  Glucose  transport  into  the  Golgi  may  determine  the  rate  of 
lactose  synthesis  and  therefore  milk  production.  Now  that  the  mechanism  of  glucose 
transport  into  Golgi  has  been  explained,  it  may  be  possible  to  develop  ways  to  facilitate 
lactation  and  increase  the  prevalence  and  duration  of  breastfeeding.  This  will  improve  the 
health  and  neurodevelopment  of  the  nation’s  children. 

Through  understanding  the  normal,  we  have  the  context  for  interpreting  the 
abnormal.  The  results  therefore  have  important  implications  for  breast  cancer.  We 
identify  targeting  machinery  unique  to  the  neoplastic  mammary  epithelial  cell  that  affects 
GLUTl,  and  may  very  well  affect  the  targeting  and  activity  of  other  cellular  proteins  in 
cancer  cells.  Furthermore,  the  results  show  that  the  known  glucose  transporters  can  not 
account  for  the  glucose  uptake  of  breast  cancer  cells,  suggesting  that  a  unique  glucose 
transporter  may  be  present,  and  may  be  an  attractive  therapeutic  target. 
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Figure  1.  Ribonuclease  protection  assay.  Left,  mouse  mammary  gland,  mouse  mammary 
epithelial  cells  in  growth  medium  and  secretion  medium,  and  human  mammary  epithelial 
cells  in  growth  medium,  were  probed  for  mRNA  for  galactosyltransferase,  a-lactalbumin, 
p-casein,  and  GLUTl.  The  results  show  that  a-lactalbumin  and  P-casein  are  not 
expressed  in  culture,  and  that  galactosyltransferase  and  GLUTl  are  induced  by  prolactin 
and  hydrocortisone.  Right,  mouse  mammary  gland,  mouse  mammary  epithelial  cells  in 
growth  medium  and  secretion  medium,  and  human  mammary  epithelial  cells  in  growth 
medium,  were  probed  for  mRNA  for  GLUT  1-5.  The  results  show  that  GLUTl  and 
GLUT4  dominate,  smaller  amounts  of  GLUT  3  and  GLUT2  are  seen,  and  no  GLUTS  is 
detected. 
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Figure  2.  Ribonuclease  protection  assay.  MCF7  and  MDA231  human  breast  cancer  cells 
in  growth  medium  and  secretion  medium,  and  mouse  mammary  gland,  were  probed  for 
mRNA  for  GLUT  1-5.  The  results  show  that  GLUTl  and  GLUT4  dominate,  and  no 
GLUT2,  GLUTS,  or  GLUTS  is  detected. 
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Figure  3.  Ribonuclease  protection  assay.  MCF7  and  MDA231  human  breast  cancer  cells 
in  growth  medium  and  secretion  medium  were  probed  for  mRNA  for 
galactosyltransferase,  a-lactalbumin,  p-casein,  and  GLUTl.  Mouse  mammary  gland  and 
yeast  mRNA  as  a  control  are  also  shown.  The  results  show  that  key  proteins  of  lactation 
are  not  expressed  in  cancer  cells,  suggesting  that  the  mechanism  of  sequestration  of 
GLUTl  is  independent  from  that  operative  during  lactation. 
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Figure  4.  Ribonuclease  protection  assay.  CITS  mouse  mammary  epithelial  cells  in  growth 
medium  and  secretion  medium,  and  with  supranormal  concentrations  of  prolactin  (10/3), 
hydrocortisone  (3/10),  or  both  (10/10),  were  probed  for  mRNA  for  galactosyltransferase, 
a-lactalbumin,  p-casein,  and  GLUTl.  The  results  show  no  significant  increase  in  GLUTl 
or  galactosyltransferase,  and  no  expression  whatsoever  of  a-lactalbumin  and  P-casein, 
despite  increased  hormone  concentrations. 
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Abstract 


Glucose  is  a  precursor  of  lactose,  the  major  carbohydrate  and  osmotic  constituent  of 
human  milk,  which  is  synthesized  in  the  Golgi.  The  GLUTl  glucose  transporter  is  the 
only  glucose  transporter  isoform  expressed  in  mammary  gland.  The  hypothesis  that 
lactogenic  hormones  induce  GLUTl  and  cause  its  localization  to  the  Golgi  of  mammary 
epithelial  cells  was  tested  in  CIT3  mouse  mammary  epithelial  cells.  Treatment  with 
prolactin  and  hydrocortisone  caused  a  15-fold  induction  of  GLUTl  by  Western  blotting, 
but  2-deoxyglucose  uptake  decreased.  Subcellular  fractionation  and  density  gradient 
centrifugation  demonstrated  enrichment  of  Golgi  fractions  with  GLUTl.  Lactogenic 
hormones  enhanced  GLUTl  glycosylation,  but  did  not  determine  whether  GLUTl  was 
targeted  to  plasma  membrane  or  to  Golgi.  Confocal  mieroscopy  revealed  that  lactogenic 
hormones  alter  GLUTl  targeting  from  a  plasma  membrane  pattern  to  a  predominant 
perinuclear  distribution  with  punctate  scattering  through  the  cytoplasm.  GLUTl  is 
targeted  to  a  compartment  which  is  more  sensitive  to  Brefeldin  A  than  the  compartments 
in  which  GM130  and  P-COP  reside.  Targeting  of  GLUTl  to  endosomes  was  specifically 
excluded.  We  conclude  that  prolactin  and  hydrocortisone  induce  GLUTl,  enhance 
GLUTl  glycosylation,  and  cause  glycosylation-independent  targeting  of  GLUTl  to 
Brefeldin  A-sensitive  vesicles  which  may  represent  a  subcompartment  of  cis-Golgi. 
These  results  demonstrate  a  hormonally  regulated  targeting  mechanism  for  GLUTl  and 
are  consistent  with  an  important  role  for  GLUTl  in  the  provision  of  substrate  for  lactose 
synthesis. 
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Introduction 


Lactose  is  the  major  carbohydrate  and  the  major  osmotic  constituent  of  human 
milk.  Therefore,  the  amount  of  lactose  sjmthesized  determines  the  volume  of  milk 
produced  by  the  lactating  human  mammary  gland.  The  substrates  for  lactose  synthesis 
are  UDP-galactose  and  free  glucose.  Direct  measurement  of  intracellular  glucose 
concentration  demonstrated  that  glucose  transport  into  the  mammary  epithelial  cell  must 
be  rate-limiting  for  lactose  synthesis  (Wilde  and  Kuhn,  1981).  Lactose  synthesis  takes 
place  within  the  Golgi  (Keenan  et  ai,  1970)  and  is  catalyzed  by  lactose  synthetase,  a 
complex  of  galactosyltransferase  and  the  mammary  gland  specific  protein  a-lactalbumin. 
The  mammary  epithelial  cell  not  only  must  transport  glucose  from  the  blood  across  the 
basal  membrane  into  the  cell,  it  must  also  deliver  this  glucose  to  the  Golgi.  The  lactating 
mammary  gland  is  unique  in  its  requirement  for  free  glucose  within  the  Golgi.  A  Golgi 
specific  glucose  carrier  protein  accounting  for  Golgi  glucose  uptake  during  lactation  was 
proposed  5  years  before  the  cloning  of  GLUTl,  the  first  member  of  the  family  of 
facilitated  diffixsion  glucose  transporter  isoforms  (White  et  ai,  1980). 

The  only  iso  form  of  the  facilitated  diffusion  family  of  glucose  transporters  known 
to  be  expressed  in  mammary  gland  is  GLUTl.  In  most  cell  types,  GLUTl  is  targeted  to 
the  plasma  membrane.  Neither  GLUTl  nor  any  other  glucose  transporter  isoform  has 
been  proven  to  target  to  the  Golgi.  In  one  study,  subcellular  fractionation  and  Western 
blotting  of  day- 10  lactating  rat  mammary  glands  suggested  that  during  lactation,  GLUTl 
may  also  be  foimd  in  the  Golgi  (Madon  et  ai,  1990).  However,  in  other  studies  (Camps 
et  ai,  1994;Takata  et  al,  1997)  using  microscopy,  Golgi  targeting  of  GLUTl  was  not 
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observed  in  day  10-12  lactating  rat  mammary  gland,  although  high  and  polarized 


expression  of  plasma  membrane  GLUTl  during  lactation  was  seen.  We  have  used 
epifluorescent  and  confocal  microscopy  and  subcellular  fractionation  to  demonstrate 
targeting  of  GLUTl  to  Golgi  of  lactating  mouse  mammary  gland.  This  is  regulated  by 
the  developmental  stage  of  the  gland  and  the  demand  for  milk,  is  most  pronounced  at  the 
peak  of  lactation,  and  is  reversibly  diminished  when  pups  are  removed  from  the  mother 
(Nemeth  et  al,  2000). 

In  mammary  epithelial  cells,  prolactin  causes  a  shift  in  Golgi  morphology  from 
tubular  to  vesicular  (Ollivier-Bousquet,  1978).  The  purpose  of  our  study  was  to  test  the 
hypothesis  that  prolactin  and  hydrocortisone  cause  the  targeting  of  GLUTl  to  Golgi  in 
cultured  mouse  mammary  epithelial  cells.  To  provide  multiple  lines  of  evidence,  methods 
included  2-deoxyglucose  uptake  assays,  subcellular  fractionation  and  density  gradient 
centrifugation,  and  confocal  immunofluorescent  microscopy.  The  results  indicate  that  in 
an  established  mammary  epithelial  cell  line  in  culture,  the  GLUTl  glucose  transporter  is 
induced  and  targeted  to  Brefeldin  A-sensitive  vesicles  distinct  from  Golgi  stacks,  as 
marked  by  EYFP-Golgi,  GM130,  and  P-COP,  under  the  influence  of  lactogenic 
hormones.  These  vesicles  are  neither  endosomes  nor  lysosomes  and  may  represent  a 
Golgi-derived  vesicle  population  important  in  lactose  synthesis. 

Materials  and  Methods 
Antisera  and  reagents 
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A  well  characterized,  highly  specific  rabbit  polyclonal  antiserum  to  human 
GLUTl,  raised  against  synthetic  peptide  made  up  of  the  16  C-terminal  amino  acids,  was  a 
kind  gift  of  Dr.  M.  Mueckler  (Washington  University  School  of  Medicine,  St.  Louis, 
MO).  This  antibody  was  affinity  purified  using  the  same  synthetic  peptide  bound  to 
thiopropyl  sepharose  (Parekh  et  al,  1989)  prior  to  use  for  immunoblotting  or 
immunocytochemistry.  Mouse  monoclonal  antibodies  to  rat  (3-COP  (Sigma,  St.  Louis, 
MO)  and  rat  GM130  (Transduction  Laboratories,  Lexington,  KY)  were  used. 
Fluorescein-labeled  goat  anti-rabbit  and  Texas-red  sheep  anti-mouse  antibodies  were 
from  ICN  (Aurora,  OH).  Reagents  were  from  Sigma  unless  otherwise  specified. 

Cell  culture 

CIT3  cells  are  an  established  mouse  mammary  epithelial  cell  line  (Toddywalla  et 
al,  1997),  kindly  supplied  by  Dr.  M.C.  Neville  (University  of  Colorado  School  of 
Medicine,  Denver,  CO).  Cells  were  maintained  in  growth  medium,  consisting  of 
Dulbecco’s  Modified  Eagle’s  Medium  (DMEM)  with  Ham’s  F12  (50:50),  supplemented 
with  2%  heat-inactivated  fetal  bovine  serum  (FBS),  10  pg/ml  insulin  and  5  ng/ml 
epidermal  growth  factor  (EGF).  To  differentiate  the  cells,  growth  medium  lacking  EGF 
but  containing  3  pg/ml  prolactin  and  3  pg/ml  hydrocortisone  was  used;  this  medium  was 
designated  "secretion  medium".  In  certain  experiments,  cells  were  treated  with  500  nM  or 
5  pM  Brefeldin  A  (Pauloin  et  al,  1997)  for  30  minutes  at  37°C.  Transferrin-Texas  Red 
(Molecular  Probes,  Eugene,  OR)  was  used  at  a  concentration  of  100  pg/ml  for  15  minutes 
at  37°C(Ghosh  and  Maxfield,  1995). 

Transfection 
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EYFP-Golgi  (Clontech,  Palo  Alto,  CA)  was  expressed  using  cationic  liposomes 
(LipoFectAmine^'^  Reagent,  GibcoBRL,  Rockville,  MD).  Transfection  of  2  pg  DNA  was 
performed  on  glass  coverslips  in  35  mm  dishes  containing  5X10^  cells  per  plate, 
according  to  the  manufacturer’s  instructions.  After  48  hrs,  cells  were  fixed  and  stained  for 
GLUTl  using  a  Texas  Red  secondary  antibody  as  described  below. 

2-Deoxyglucose  uptake 

[^H]2-Deoxyglucose  uptake  was  measured  as  previously  described  (Tordjman  et 
ai,  1989).  Non-carrier-mediated  uptake  was  measured  in  the  presence  of  20  pM 
cytochalasin  B  and  was  subtracted  from  total  2-deoxyglucose  uptake  so  that  results  are 
expressed  as  specific  carrier-mediated  uptake.  Non-carrier-mediated  uptake  was  less  than 
21%  of  total  2-deoxyglucose  uptake  under  all  circumstances.  Statistical  significance  of 
the  difference  between  the  groups  was  calculated  using  Student’s  t-test  for  independent 
samples. 

Subcellular  fractionation  and  density  gradient  centrifugation 

CIT3  cells  were  rinsed  twice  with  ice-cold  PBS  and  once  with  ice-cold 
homogenization  buffer.  Cells  were  harvested  using  a  rubber  policeman.  The  pellet  was 
resuspended  in  a  small  volume  of  homogenization  buffer  and  homogenized  with  five 
strokes  in  a  tight-fitting  Bounce  homogenizer.  After  one  centrifugation  at  3,000  g  for  10 
minutes  at  4°C,  the  supernatant  was  centrifuged  at  17,000  g  for  10  minutes  at  4°C.  This 
supernatant  was  centrifuged  at  100,000  g  for  30  minutes  at  4°C.  The  17,000  g  pellet  was 
resuspended  and  subjected  to  density  gradient  centrifiigation  in  a  self-generating 
iodixanol  density  gradient  (10%-37%)  at  180,000  g  for  3  hours  at  4°C.  Twenty  fractions 
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were  collected  from  the  top  (Labconco  Auto-densi  Flow,  Kansas  City,  MO)  and 
analyzed.  Alkaline  phosphatase  (Langridge-Smith  et  ai,  1998)  and  galactosyl  transferase 
(Graham,  1993)  were  assayed  as  described. 

Western  blotting 

Samples  were  prepared  and  subjected  to  standard  SDS-PAGE  on  10%  gels  as 
previously  described  (Haney  et  ai,  1991).  Proteins  were  immobilized  on  nitrocellulose 
by  wet  transfer.  The  peptide  affinity  purified  GLUTl  antibody  described  above  (1  pg/ml 
in  5%  nonfat  dry  milk  in  PBS)  was  used  as  primary  antibody.  Secondary  antibody  was 
HRP-linked  donkey  anti-rabbit  antibody  (Amersham,  Piscataway,  NJ),  and  signal  was 
detected  using  ECL-Plus™  (Amersham).  Quantitative  differences  in  signal  strength  were 
measured  using  a  STORM  analyzer  (Molecular  Dynamics,  Sunnyvale,  CA). 
Immunocytochemistry 

Cells  were  grown  on  glass  coverslips,  washed  with  PBS,  and  fixed  in  4% 
paraformaldehyde  in  serum- free  medium  for  20  minutes  at  room  temperature.  Cells  were 
then  treated  with  100  mM  glycine  in  PBS  for  10  minutes  and  permeabilized  with  0.1% 
Triton  X-100  for  15  minutes.  Cells  were  blocked  with  2%  horse  serum  in  PBS  for  15 
minutes.  Treatment  with  primary  antibody  in  0.1%  horse  serum  in  PBS  was  overnight  at 
4°C.  GLUTl  antibody  was  at  6  pg/ml,  GM130  antibody  was  at  5  pg/ml,  and  P-COP 
antibody  was  at  1 :80.  After  three  10-minute  washes  with  PBS,  secondary  antibody, 
diluted  1 : 100  in  0.1%  horse  serum,  was  added  for  30  minutes  at  room  temperature.  FITC- 
conjugated  goat  anti-rabbit  antibody  and  Texas  Red  conjugated  rabbit  anti-mouse 
antibody  were  used.  In  experiments  with  cells  transfected  with  EYFP-Golgi,  Texas  Red 
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conjugated  goat  anti-rabbit  antibody  was  used.  Coverslips  were  then  washed  three  times 
with  PBS  and  mounted  in  ProLong  anti-fade  medium  (Molecular  Probes,  Eugene,  OR)  on 
glass  slides  for  examination  using  a  Molecular  Dynamics  MultiprobeTM  2010  inverted 
confocal  laser  scanning  microscope.  The  images  are  shown  as  acquired;  no  enhancement 
or  intensification  was  performed. 

Results 

Lactogenic  hormones  cause  intracellular  targeting  of  GLUTl 

CIT3  cells  are  an  established  mouse  mammary  epithelial  cell  line  selected  from 
Comma- 1-D  cells  for  their  ability  to  express  P-casein,  form  tight  junctions,  and  exhibit 
polarized  transport  in  response  to  treatment  with  prolactin  and  hydrocortisone 
(Toddywalla  et  al,  1997).  The  total  cellular  content  of  GLUTl  in  CIT3  cells  rose  15-fold 
in  response  to  prolactin  and  hydrocortisone  (Fig.  1  A).  Paradoxically,  the  2-deoxyglucose 
uptake  of  these  cells  fell  70%  in  response  to  these  hormones  (Fig.  IB).  In  other  words, 
cells  maintained  in  secretion  medium  exhibited  only  a  small  fraction  of  the  plasma 
membrane  glucose  transport  activity  predicted  from  their  GLUTl  content.  This  suggested 
a  major  effect  of  lactogenic  hormones  either  on  the  specific  activity  of  the  transporter  or 
on  the  amount  of  transporter  in  the  plasma  membrane. 

To  distinguish  between  these  possibilities,  subcellular  fractionation  was  carried 
out.  Pellets  from  the  17,000  g  and  100,000  g  centrifugations  were  enriched  in  Golgi  and 
plasma  membrane,  respectively,  as  indicated  by  assays  of  galactosyltransferase  and 
alkaline  phosphatase.  Each  marker  was  enriched  2.3-fold  (for  galactosyl  transferase  in 
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17,000  g  pellet  vs.  homogenate,  and  for  alkaline  phosphatase  in  the  100,000  g  pellet  vs. 
homogenate)  in  the  corresponding  fraction.  Compared  to  the  enrichment  observed  for 
these  markers,  the  enrichment  of  GLUTl  was  much  greater.  GLUTl  was  enriched  19.0- 
fold  in  the  100,000  g  pellet,  compared  to  homogenate,  from  cells  maintained  in  growth 
medium,  and  was  enriched  1 1.0-fold  in  the  17,000  g  pellet,  compared  to  homogenate, 
from  cells  grown  in  secretion  medium  (Fig.  2).  Cells  grown  in  growth  medium  showed 
predominance  of  GLUTl  in  the  plasma  membrane-enriched  fraction,  while  secretion 
medium  caused  predominance  of  GLUTl  targeting  in  the  Golgi-enriched  fraction  (Fig. 

2) .  The  relative  molecular  mass  of  GLUTl  in  cells  grown  in  secretion  medium  was 
slightly  higher  than  in  growth  medium,  53  kDa  compared  to  50  kDa,  suggesting  the 
possibility  of  a  second  glucose  transporter  closely  related  to  GLUTl .  Therefore, 
homogenate,  17,000  g  pellets,  and  100,000  g  pellets  from  cells  maintained  in  both  growth 
medium  and  secretion  medium  were  subjected  to  enzymatic  deglycosylation.  In  all  cases, 
the  deglycosylated  protein  had  an  identical  relative  molecular  mass  of  37  kDa,  consistent 
with  GLUTl  (Fig.  2). 

To  confirm  that  the  GLUTl  contained  in  the  17,000  g  pellet  was  targeted  to 
Golgi,  iodixanol  density  gradient  centrifugation  was  carried  out.  GLUTl  was 
concentrated  in  the  low-density  fractions  (1.05-1.08  g/cm^),  consistent  with  Golgi  (Fig. 

3) .  The  difference  in  the  absolute  amount  of  GLUTl  targeting  to  Golgi  between  cells 
grown  in  growth  medium  and  in  secretion  medium  was  consistent  with  that  seen  in  Fig. 

2. 
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The  results  exclude  lysosomes,  which  are  found  at  a  density  of  1.10-1.15  g/cm3  in  low 
density  medium  (Spector  et  al.,  1997),  as  the  intracellular  compartment  to  which  GLUTl 
is  targeted. 

Confocal  immunofluorescent  microscopy  of  cells  maintained  in  growth  medium 
demonstrated  a  plasma  membrane  pattern  for  GLUTl  (Fig.  4A).  In  contrast,  consistent 
with  the  results  of  subcellular  fractionation  and  density  gradient  centrifugation,  cells 
maintained  in  secretion  medium  exhibited  much  less  plasma  membrane  signal.  Rather, 
these  cells  showed  a  significant  intracellular  signal  for  GLUTl,  distributed  in  a 
perinuclear  pattern  and  in  an  intense  punctate  pattern  throughout  the  cytoplasm  (Fig.  4D). 
The  trans-Golgi  marker  BODIPY-TR  ceramide  (Pagano  et  al,  1991)  demonstrated  the 
expected  punctate  staining  both  in  cells  grown  in  growth  medium  (Fig.  4B)  and  in 
secretion  medium  (Fig.  4E).  There  was  no  colocalization  of  GLUTl  and  the  trans-Golgi 
marker  in  either  growth  medium  (Fig.  4C)  or  secretion  medixun  (Fig.  4F). 

Brefeldin  A  was  used  to  further  dissect  Golgi  targeting.  Cells  maintained  in 
growth  medium  and  subjected  to  500  nM  Brefeldin  A  showed  distribution  of  the  trans- 
Golgi  marker  BODIPY-TR  ceramide  throughout  the  cytoplasm  (Fig.  5B).  The  plasma 
membrane  targeting  of  GLUTl  was  not  affected  (Fig.  5  A),  and  there  was  no  specific 
colocalization  of  GLUTl  and  BODIPY-TR  ceramide  (Fig.  5C).  BODIPY-TR  ceramide 
was  also  distributed  throughout  the  cytoplasm  in  cells  maintained  in  secretion  medium 
and  exposed  to  Brefeldin  A  (Fig.  5E),  and,  again,  there  was  no  specific  colocalization  of 
GLUTl  and  BODIPY-TR  ceramide  (Fig.  5F).  However,  GLUTl  targeting  to  the 
perinuclear  area  was  much  less  prominent;  rather,  the  GLUTl  signal  was  diffusely 
distributed  in  a  punctate  pattern. 
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GM130  is  a  Golgi  matrix  protein  associated  with  cis-Golgi  membranes(Nakamura 
et  al,  1995),  and  demonstrated  a  classical  Golgi  appearance  in  cells  maintained  in 
secretion  medium  (Fig.  6B).  Its  targeting  demonstrated  a  dose-dependent  effect  of 
Brefeldin  A.  At  a  concentration  of  500  nM,  the  classical  Golgi  appearance  remained, 
although  a  small  amount  of  signal  became  visible  throughout  the  cell  (Fig  6E).  In 
contrast,  at  5  pM  Brefeldin  A,  GM130  was  distributed  throughout  the  cell,  with  minimal 
perinuclear  prominence  (Fig.  6H).  The  dispersion  of  GLUTl  was  similar  at  500  nM  (Fig 
6D)  and  5  pM  (Fig  6G)  Brefeldin  A.  Apparent  colocalization  of  GLUTl  and  GM130  was 
observed  only  at  5  pM  Brefeldin  A. 

EYFP-Golgi  contains  an  85  amino  acid  segment  from  p-galactosyltransferase 
which  confers  classical  medial-Golgi  targeting  (Fig.  7B).  Its  targeting  was  more  sensitive 
to  Brefeldin  A  than  was  the  targeting  of  GM130,  as  the  classical  Golgi  appearance 
transformed  to  a  reticular  structure  (Fig  7E)  at  a  Brefeldin  A  concentration  of  500  nM.  A 
very  small  degree  of  apparent  colocalization  of  EYFP-Golgi  and  GLUTl  was  observed  in 
secretion  medium  (Fig  7C),  although  a  proximity  effect  as  opposed  to  genuine 
colocalization  can  not  be  excluded.  In  contrast,  in  the  presence  of  Brefeldin  A  there  was 
no  colocalization  of  EYFP-Golgi  with  GLUTl. 

The  predominantly  perinuclear  distribution  of  P-COP  was  not  significantly 
affected  by  Brefeldin  A  (Figs  8B,E).  GLUTl  was  again  found  in  a  perinuclear 
distribution  and  in  a  punctate  pattern  throughout  the  cytoplasm  (Figs  8A,D),  with  a  shift 
from  the  perinuclear  area  under  the  influence  of  Brefeldin  A.  There  was  no  colocalization 
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of  GLUTl  and  b-COP  in  secretion  medium.  However,  Brefeldin  A  enhanced 
colocalization  of  GLUTl  with  p-COP  (Fig.  8F). 

This  indicates  that  lactogenic  hormones  present  in  secretion  medium  cause 
substantial  GLUTl  targeting  to  Brefeldin  A-sensitive  vesicles  distinct  from  those 
subcompartments  marked  by  BODIPY-TR  ceramide,  GM130,  EYFP-Golgi,  and  P-COP. 
Brefeldin  A  appeared  to  cause  mixing  of  the  GLUTl  subcompartment  with  the  GM130 
and  P-COP  subcompartments,  but  not  the  subcompartments  marked  by  BODIPY-TR 
ceramide  and  EYFP-Golgi. 

To  exclude  the  possibility  that  GLUTl  was  targeted  to  endosomes,  cells  were 
briefly  labeled  with  Transferrin-Texas  Red  (Ghosh  and  Maxfield,  1995).  Endosomal 
staining  was  completely  distinct  from  GLUTl  (Fig.  9A-C).  Brefeldin  A  did  not  cause 
CO  localization  of  GLUTl  and  endosomes  (Fig.  9D-F).  The  results  exclude  endosomes  as 
a  potential  localization  of  GLUTl. 

Since  GLUTl  demonstrated  a  plasma  membrane  targeting  pattern  in  cells 
maintained  in  growth  medium,  there  was  no  colocalization  of  GLUTl  with  these  markers 
of  intracellular  compartments  (data  not  shown). 

Discussion 

GLUTl  is  the  only  member  of  the  facilitated  diffusion  glucose  transporter  family 
known  to  be  expressed  in  mammary  gland.  However,  in  the  many  cell  types  in  which  it 
is  expressed,  GLUTl  is  a  plasma  membrane  protein,  and  is  responsible  for  the  basal 
uptake  of  glucose  into  most  cells.  None  of  the  isoforms  of  the  glucose  transporter  family 
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is  considered  to  be  a  Golgi  resident,  although  a  six-amino  acid  portion  of  GLUT4  does 
confer  targeting  to  the  trans-Golgi  network  and  insulin-sensitive  translocation  to  the 
plasma  membrane  in  fat  and  muscle  cells  (Haney  et  al,  1995).  Furthermore,  lactose 
synthesis  within  the  Golgi  is  a  unique  function  of  differentiated  mammaiy  epithelial  cells; 
no  other  cell  type  requires  free  glucose  within  the  Golgi. 

Several  investigators  have  studied  GLUTl  expression  in  the  lactating  mammary 
gland,  with  conflicting  results  described  above.  We  have  demonstrated  that  GLUTl  is 
targeted  to  Golgi,  as  defined  by  a  low-density  intracellular  compartment  substantially 
colocalizing  with  P-COP,  in  lactating  mouse  mammary  gland  (Nemeth  et  al,  2000).  The 
purpose  of  the  experiments  reported  here  was  to  test,  in  mammary  epithelial  cells  in 
culture,  whether  the  subcellular  trafficking  of  GLUTl  is  hormonally  regulated  in  a 
manner  consistent  with  an  important  role  for  GLUTl  in  the  provision  of  substrate  for 
lactose  synthesis. 

Prolactin  and  hydrocortisone  trigger  differentiation  of  mammary  epithelial  cells. 
Total  cellular  GLUTl  levels  increased  15-fold  in  response  to  this  treatment.  Importantly, 
consistent  results  from  two  independent  methods,  subcellular  fractionation  followed  by 
density  gradient  centrifugation,  and  confocal  immunofluorescent  microscopy,  indicate 
that  prolactin  and  hydrocortisone  cause  GLUTl  to  be  targeted  not  to  the  plasma 
membrane,  as  it  is  in  most  cells,  but  to  a  Brefeldin  A-sensitive  vesicular  compartment. 
The  subcellular  fractionation  and  density  gradient  characterization  include  expected 
degrees  of  enrichment  in  appropriate  marker  enzymes  and  demonstrate  that  the  GLUTl- 
enriched  fractions  exhibit  a  very  low  density  (1.05-1.08  g/cm^)  fraction  of  the  light 
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mitochondrial  (17,000  g)  pellet,  consistent  with  Golgi  localization.  Since  lysosomes  are 
found  at  a  density  of  1.10-1.15  g/cm3  in  low  density  medium(Spector  et  al,  1997),  they 
are  excluded  as  the  intracellular  compartment  to  which  GLUTl  is  targeted. 

We  have  not  yet  examined  whether  the  turnover  of  GLUTl  is  altered  under  these 
conditions,  but  adequate  time  to  achieve  a  new  steady  state  was  insured  by  allowing  four 
days  of  exposure  to  prolactin  and  hydrocortisone  before  assessing  changes  in  steady-state 
distributions.  This  eliminates  the  possibility  that  altered  turnover  alone  is  responsible  for 
changes  in  GLUTl  targeting. 

Brefeldin  A  causes  the  rapid  and  reversible  retrograde  movement  of  Golgi 
resident  proteins  back  to  the  endoplasmic  reticulum  (Klausner  et  al,  1992).  In  most 
cells,  trans-Golgi  network  proteins  respond  to  Brefeldin  A  by  fusing  with  early 
endosomes;  the  hybrid  organelles  are  stable  and  tubulovesicular  in  contrast  to  the  Golgi, 
which  disappears  (Lippincott-Schwartz  et  al,  1991).  However,  polarized  epithelial  cells 
respond  differently  to  Brefeldin  A.  In  MDCK  cells,  BFA  promoted  extensive  tubulation 
of  the  trans-Golgi  network  while  the  medial  Golgi  marker  alpha-mannosidase  II  was  not 
affected  (Wagner  et  al,  1994).  As  was  recently  demonstrated  in  mammaiy  epithelial  cells 
from  lactating  rabbit,  Brefeldin  A  (50  nM)  caused  dissociation  of  trans-Golgi  but  not 
medial  Golgi  marker  enzymes  (Pauloin  et  al,  1997).  In  our  study  of  cells  in  culture, 
similar  dose-dependent  effects  of  Brefeldin  A  were  seen,  but  at  somewhat  higher 
concentrations  than  observed  by  Pauloin  et  al.  in  rabbit  mammary  gland.  We  exposed 
cells  to  Brefeldin  A  for  30  minutes,  as  originally  reported  (Pagano  et  al,  1991).  Pauloin 
et  al.  concluded  that  rabbit  mammary  epithelial  cells  equilibrated  after  30  minutes  of 
Brefeldin  A  exposure  (Pauloin  et  al,  1997). 
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Thus,  under  the  influence  of  prolactin  and  hydrocortisone,  GLUTl  is  sequestered 
within  the  cell,  accounting  for  the  paradoxical  decrease  in  plasma  membrane  glucose 
transport  activity  despite  increased  GLUTl  levels  caused  by  these  hormones.  This  leads 
to  the  conclusion  that  GLUTl  is  diverted  from  normal  sorting  pathways  to  a  Brefeldin  A- 
sensitive  compartment.  This  compartment  represents  neither  endosomes  nor  lysosomes. 
In  AtT20  cells,  Brefeldin  A  at  1  qg/ml  converted  Golgi  stacks  to  clusters  of  tubules  and 
vesicles  but  had  no  detectable  effect  on  early  endosomes,  while  concentrations  as  high  as 
20  p.g/ml  Brefeldin  A  had  no  effect  on  late  endosomes/prelysosomes  (Tooze  and 
Hollinshead,  1992).  In  CITS  cells,  GLUTl  consistently  demonstrated  a  loss  in 
perinuclear  compartments  at  only  500  nM  Brefeldin  A.  While  this  GLUTl -containing 
compartment  may  represent  Golgi-derived  vesicles,  it  lacks  the  Golgi  markers  GM130, 
EYFP-Golgi,  and  P-COP.  The  discrepancy  between  these  results  and  our  results  in  the 
intact  gland  may  be  due  to  limitations  of  the  cells  in  culture,  which  may  not  express  all 
machinery  required  for  authentic  targeting  of  GLUTl.  Further  work  is  required  to 
determine  whether  other  factors,  such  as  additional  hormones  or  extracellular  matrix, 
might  result  in  colocalization  of  GLUTl  with  GM130,  EYFP-Golgi,  and  P-COP  in  these 
cells. 

The  results  suggest  a  tissue-  and  developmental  stage-specific  Golgi  targeting 
mechanism  for  GLUTl.  The  structural  determinants  of  targeting  of  resident  proteins  to 
Golgi  are  controversial.  For  certain  glycosyltransferases,  the  transmembrane  spanning 
domain  or  specific  amino  acid  motifs  within  it  have  seemed  important  (Nilsson  and 
Warren,  1994).  However,  examination  of  a  large  number  of  cloned  glycosyltransferases 
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does  not  reveal  a  common  retention  signal  (Keenan,  1998).  Alternative  hypotheses 
include  the  formation  of  non-mohile  protein  oligomers  and  the  influence  of  the  high 
cholesterol  content  of  Golgi  membranes  on  mobility  of  resident  Golgi  enzymes  (Munro, 

1 998).  Although  glycosylation  serves  to  direct  protein  targeting  to  apical  membrane  of 
polarized  epithelial  cells  under  certain  circumstances  (Gut  et  al,  1998),  it  has  not  been 
linked  with  targeting  of  proteins  to  Golgi.  In  fact,  a  mutant  form  of  GLUTl  lacking  the 
N- glycosylation  site  shows  intracellular  targeting  (Asano  et  al,  1993).  Although  we 
observed  enhanced  glycosylation  of  GLUTl  in  response  to  prolactin  and  hydrocortisone, 
deglycosylation  experiments  reported  here  found  no  evidence  that  differential 
glycosylation  is  responsible  for  Golgi  targeting.  In  the  context  of  our  primitive  general 
understanding  of  the  determinants  of  protein  targeting  to  Golgi,  it  is  not  surprising  that 
the  molecular  basis  of  the  hormonally  regulated  Golgi  targeting  of  GLUTl  is  unclear. 
Hormonal  regulation  of  the  process  of  Golgi  targeting  of  GLUTl  suggests  a  flexibility  of 
the  Golgi  targeting  machinery  that  has  not  previously  been  appreciated.  The  results 
suggest  a  tissue-specific  GLUTl  sorter  is  active  during  lactation.  Further  study  may 
reveal  mechanisms  regarding  GLUTl  targeting  that  are  relevant  to  other  Golgi  proteins  as 
well. 

Deglycosylation  experiments  (Fig.  2)  showed  that  the  differences  in  relative 
molecular  mass  of  GLUTl  between  cells  maintained  in  growth  medium  and  in  secretion 
medium  need  not  be  attributed  to  expression  of  a  distinct  glucose  transporter  isoform 
containing  the  GLUTl  antigenic  determinant.  However,  the  results  do  not  exclude  the 
previously  suggested  (Madon  et  al,  1990)  possibility  that  a  novel  transporter,  yet  to  be 
identified,  resides  in  the  Golgi. 
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The  data  were  developed  in  an  established  mammary  epithelial  cell  line  grown  on 
tissue  culture  plastic,  in  the  absence  of  reconstituted  basement  membrane.  The 
subcellular  fractionation  and  iodixanol  density  gradient  centrifugation  procedures  resulted 
in  enriched,  not  purified,  fractions,  which  nevertheless  demonstrated  altered  GLUTl 
targeting,  confirmed  by  confocal  immunofluorescent  microscopy.  Taken  together,  the 
data  demonstrate  specific  changes  in  glucose  transporter  targeting,  and  support  the 
conclusion  that  important  cellular  mechanisms  must  underlie  them,  in  this  simplest 
possible,  but  artificial,  system.  Studies  in  more  physiologically  relevant  model  systems 
are  under  way.  Future  work  will  focus  on  understanding  the  mechanism  and  regulation 
of  GLUTl  targeting  to  Golgi  during  lactation. 
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Figure  legends 

Figure  1.  Total  cellular  GLUTl  content  and  2'deoxyglucose  uptake  of  CIT3  cells 
maintained  for  4  days  in  growth  medium  and  in  secretion  medium.  Secretion  medium, 
which  contains  prolactin  and  hydrocortisone,  caused  a  15-fold  increase  in  total  cellular 
GLUTl  (A);  this  was  associated  with  a  paradoxical  decrease  in  2-deoxyglucose  uptake 
(B).  Samples  from  cells  grown  in  growth  medium  (60  pg  protein,  lane  1)  and  secretion 
medium  (20  pg  protein,  lane  2)  were  analyzed  by  SDS-PAGE  and  Western  blotting.  2- 
Deoxyglucose  uptake  reflects  glucose  transport  across  the  plasma  membrane  and  was 
measured  as  described  in  Materials  and  Methods.  Results  are  means  +/-  S.E.M.  for  six 
determinations.  Student’s  t-test  for  independent  samples  resulted  in  a  p  value  of  0.003  for 
the  difference  between  groups  in  2-deoxyglucose  uptake. 


Figure  2.  Subcellular  distribution  and  PNGase  F  digestion  of  GLUTl  in  CIT3  cells 
maintained  for  4  days  in  growth  medium  and  in  secretion  medium.  Subcellular  fractions 
were  prepared  and  10  pg  aliquots  were  analyzed  by  SDS-PAGE  and  Western  blotting  as 
described  in  Materials  and  Methods.  In  growth  medium,  GLUTl  was  most  highly 
enriched  in  the  100,000  g  pellet  (lane  5),  but  in  secretion  medium  GLUTl  was  most 
highly  enriched  in  the  17,000  g  pellet  (lane  9).  The  increase  in  signal  in  the  homogenate 
between  growth  medium  (lane  1)  and  secretion  medium  (lane  7)  is  consistent  with  the 
result  in  Figure  1  A.  The  identical  relative  molecular  mass  of  GLUTl  from  all  PNGase  F 
treated  samples,  37  kDa,  indicates  that  the  slightly  higher  apparent  M^  of  GLUTl  in 
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secretion  medixun,  53  kDa,  compared  to  growth  medium,  50  kDa,  is  due  to  differential 
glycosylation.  Note  also  that  targeting  to  suhcellular  fractions  is  not  a  function  of  the 
degree  of  glycosylation.  Growth  medium,  lanes  1-6;  secretion  medium,  lanes  7-12. 

Figure  3.  lodixanol  density  gradient  centrifugation  of  the  17,000  g  pellet  from  CIT3  cells 
maintained  for  4  days  in  growth  medium  and  in  secretion  medium.  Signal  was  found  in 
only  the  least  dense  fractions,  indicating  that,  under  both  conditions,  the  GLUTl  content 
of  the  17,000  g  pellet  reflected  its  presence  in  the  Golgi.  Samples  of  10  pg  protein  from 
iodixanol  density  gradient  factions  of  cells  grown  in  growth  medium  (upper  panel)  and 
secretion  medium  (lower  panel)  were  analyzed  by  SDS-PAGE  and  Western  blotting  as 
described  in  Materials  and  Methods. 

Figure  4.  Confocal  images  of  GLUTl  (A,D)  and  the  trans-Golgi  marker  BODIPY-TR 
ceramide  (B,E)  in  CIT3  cells  maintained  for  4  days  in  growth  medium  (A-C)  and  in 
secretion  medium  (D-F).  Cells  were  fixed  and  stained,  and  confocal  microscopy  was 
performed  as  described  in  Materials  and  Methods.  Right  panels  (C,  F)  are 
superimpositions  of  the  left  and  middle  panels;  GLUTl  is  shown  in  green,  BODIPY-TR 
ceramide  is  shown  in  red,  and  areas  of  coincident  staining  appear  yellow.  Bar,  2  pm. 
Little  overlap  is  observed.  GLUTl  displayed  a  predominant  plasma  membrane  pattern  in 
growth  medium,  but  in  secretion  medium,  GLUTl  was  distributed  in  a  perinuclear 
pattern  and  in  a  punctate  pattern  throughout  the  cytoplasm. 
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•  Figure  5.  Confocal  images  of  GLUTl  (A,  D)  and  BODIPY-TR  ceramide  (B,  E)  in  CIT3 

cells  maintained  for  4  days  in  growth  medium  (A-C)  and  secretion  medium  (D-F)  in  the 
presence  of  Brefeldin  A.  Cells  were  treated  for  30  minutes  with  500  nM  Brefeldin  A. 
Cells  were  fixed  and  stained  and  confocal  microscopy  was  performed  as  described  in 
Materials  and  Methods.  Right  panels  (C,  F)  are  superimpositions  of  the  left  and  middle 
panels.  GLUTl  is  shown  in  green;  BODIPY-TR  ceramide  is  shown  in  red,  and  areas  of 
coincident  staining  appear  yellow.  Bar,  2pm.  Brefeldin  A  completely  disrupted  BODIPY- 
TR  ceramide  targeting,  but  did  not  cause  colocalization  of  GLUTl  and  BODIPY-TR 
ceramide. 

Figure  6.  Confocal  images  of  GLUTl  (A,  D,  G)  and  GM130  (B,  E,  H)  in  CIT3  cells 
maintained  for  4  days  in  secretion  medium  in  the  absence  and  presence  of  Brefeldin  A. 
Cells  were  treated  for  30  minutes  with  500  nM  Brefeldin  A  (D,  E,  F)  or  5  pM  Brefeldin 
A  (G,  H,  I).  Cells  were  fixed  and  stained  and  confocal  microscopy  was  performed  as 
described  in  Materials  and  Methods.  Right  panels  (C,  F,  I)  are  superimpositions  of  the 
left  and  middle  panels.  GLUTl  is  shown  in  green;  GM130  is  shown  in  red,  and  areas  of 
coincident  staining  appear  yellow.  Bar,  2pm.  Brefeldin  A  at  500  nM  maximally  disrupted 
GLUTl  targeting,  but  had  only  a  subtle  effect  on  GM130.  Brefeldin  A  at  500  nM 
virtually  completely  disrupted  GM130  targeting,  and  some  apparent  co localization  was 
seen. 
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Figure  7.  Confocal  images  of  GLUTl  (A,  D)  and  EYFP-Golgi,  a  fusion  of  yellow 
fluorescent  protein  and  the  targeting  domain  of  galactosyltransferase  (B,  E)  in  CIT3  cells 
maintained  for  4  days  in  secretion  medium  in  the  absence  and  presence  of  Brefeldin  A. 
Cells  were  treated  for  30  minutes  with  500  nM  Brefeldin  A.  Cells  were  fixed  and  stained 
and  confocal  microscopy  was  performed  as  described  in  Materials  and  Methods.  Right 
panels  (C,  F)  are  superimpositions  of  the  left  and  middle  panels.  GLUTl  is  shown  in  red; 
EYFP-Golgi  is  shown  in  green,  and  areas  of  coincident  staining  appear  yellow.  Bar,  2pm. 
A  small  degree  of  possible  colocalization  of  GLUTl  and  EYFP-Golgi  is  seen  in  secretion 
medium  (C),  but  not  in  the  presence  of  500  nM  Brefeldin  A  (F). 

Figure  8.  Confocal  images  of  GLUTl  (A,  D)  and  P-COP  (B,  E)  in  CIT3  cells  maintained 
for  4  days  in  secretion  medium  in  the  absence  and  presence  of  Brefeldin  A.  Cells  were 
fixed  and  stained  and  confocal  microscopy  was  performed  as  described  in  Materials  and 
Methods.  Right  panels  (C,  F)  are  superimpositions  of  the  left  and  middle  panels.  GLUTl 
is  shown  in  green;  P-COP  is  shown  in  red,  and  areas  of  coincident  staining  appear  yellow. 
Bar,  2  pm.  Cells  (D-F)  were  treated  for  30  minutes  with  500  nM  Brefeldin  A.  Although 
there  was  no  colocalization  of  GLUTl  and  p-COP  in  secretion  medium  (C),  treatment 
with  Brefeldin  A  did  result  in  apparent  colocalization  (F). 

Figure  9.  Confocal  images  of  GLUTl  (A,  D)  and  transferrin-Texas  Red  (B,  E)  in  CIT3 
cells  maintained  for  4  days  in  secretion  medium  in  the  absence  and  presence  of  Brefeldin 
A.  Cells  were  treated  for  30  minutes  with  500  nM  Brefeldin  A.  Cells  were  fixed  and 
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stained  and  confocal  microscopy  was  performed  as  described  in  Materials  and  Methods. 
Right  panels  (C,  F)  are  superimpositions  of  the  left  and  middle  panels.  GLUTl  is  shown 
in  green;  transferrin-Texas  Red  is  shown  in  red,  and  areas  of  coincident  staining  appear 
yellow.  Bar,  2pm.  No  colocalization  of  GLUTl  and  transferrin-Texas  Red  is  seen, 
indicating  that  GLUTl  is  not  targeted  to  endosomes. 
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ABSTRACT 


Lactose,  the  major  carbohydrate  of  human  milk,  is  synthe¬ 
sized  in  the  Golgi  from  glucose  and  UDP-galactose.  The  lactat¬ 
ing  mammary  gland  is  unique  in  its  requirement  for  the  transport 
of  glucose  into  Golgi.  Glucose  transporter- 1  (GLUT  1 )  is  the  only 
isoform  of  the  glucose  transporter  family  expressed  in  mammary 
gland.  In  most  cells,  GLUTl  is  localized  to  the  plasma  mem¬ 
brane  and  is  responsible  for  basal  glucose  uptake;  in  no  other  cell 
type  is  GLUTl  a  Golgi  resident.  To  test  the  hypothesis  that 
GLUTl  is  targeted  to  Golgi  during  lactation,  the  amount  and 
subcellular  distribution  of  GLUTl  were  examined  in  mouse 
mammary  gland  at  different  developmental  stages.  Methods  in¬ 
cluding  immunohistochemistry,  immunofluorescence,  subcellu¬ 
lar  fractionation,  density  gradient  centrifugation,  and  Western 
blotting  yielded  consistent  results.  In  virgins,  GLUTl  expression 
was  limited  to  plasma  membrane  of  epithelial  cells.  In  late 
pregnant  mice,  GLUTl  expression  was  increased  with  targeting 
primarily  to  basolateral  plasma  membrane  but  also  with  some 


The  recommendation  by  pediatricians  that  mothers  breast¬ 
feed  (1)  is  based  on  the  unique  superiority  of  human  milk  and 
on  the  nutritional,  neurodevelopmental,  immunologic,  and  psy¬ 
chologic  advantages  it  confers.  Yet  our  understanding  of  the 
elaborate  machinery  responsible  for  milk  synthesis  and  secre¬ 
tion  and  the  manner  of  its  regulation  in  health  and  disease  is 
rudimentary.  Advances  in  knowledge  of  the  cellular  physiol¬ 
ogy  of  the  mammary  gland  may  provide  avenues  to  influence 
the  quantity  and  quality  of  milk  produced  by  nursing  mothers 
and  increase  the  rate  and  average  duration  of  breast-feeding. 
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intracellular  signal.  During  lactation,  GLUTl  expression  was 
further  increased,  and  targeting  to  Golgi,  demonstrated  by  colo¬ 
calization  with  the  110-kD  coatomer-associated  protein  jS-COP, 
predominated.  Removal  of  pups  18  d  after  delivery  resulted  in 
retargeting  of  GLUTl  from  Golgi  to  plasma  membrane  and  a 
decline  in  total  cellular  GLUTl  within  3  h.  In  mice  undergoing 
natural  weaning,  GLUTl  expression  declined.  Changes  in  the 
amount  and  targeting  of  GLUTl  during  mammary  gland  devel¬ 
opment  are  consistent  with  a  key  role  for  GLUTl  in  supplying 
substrate  for  lactose  synthesis  and  milk  production.  (Pediatr  Res 
47:  444-450,  2000) 

Abbreviations 

B-COP,  1 10-kD  coatomer-associated  protein 
GLUTl,  glucose  transporter- 1 
PBS/T,  PBS,  0.2%  Tween  20,  pH  7.3 
UDP-galactose,  uridine-diphosphogalactose 


The  most  common  explanation  for  premature  cessation  of 
breast-feeding  is  the  mother’s  perception  that  her  milk  produc¬ 
tion  is  inadequate  (2,  3).  Because  lactose  is  the  major  carbo¬ 
hydrate  and  osmotic  constituent  of  human  milk,  the  volume  of 
milk  produced  is  a  function  of  the  rate  of  lactose  synthesis. 
Lactose  synthesis  takes  place  within  the  Golgi  (4)  and  is 
catalyzed  by  lactose  synthetase,  a  complex  of  galactosyltrans- 
ferase  and  the  mammary  gland-specific  protein  a-lactalbumin. 
The  substrates  for  lactose  synthesis  are  UDP-galactose  and  free 
glucose.  Direct  measurement  of  intracellular  glucose  concen¬ 
tration  demonstrated  that  glucose  transport  into  the  mammary 
epithelial  cell  may  be  rate-limiting  for  lactose  synthesis  (5). 
The  mammary  epithelial  cell  not  only  must  transport  glucose 
from  the  blood  across  the  basal  membrane  into  the  cell  but  also 
must  deliver  this  glucose  to  the  Golgi.  The  requirement  for  free 
glucose  within  the  Golgi  is  unique  to  the  lactating  mammary 
gland.  A  Golgi-specific  glucose  carrier  protein  accounting  for 
Golgi  glucose  uptake  during  lactation  was  proposed  (6)  5  y 
before  the  cloning  of  GLUTl  (7),  the  first  member  of  the 
family  of  facilitated  diffusion  glucose  transporter  isoforms. 


444 


GOLGI  TARGETING  OF  GLUTl  IN  LACTATION 


445 


GLUTl  is  the  only  isoform  of  the  facilitated  diffusion  family 
of  glucose  transporters  known  to  be  expressed  in  mammary 
gland.  GLUTl  is  targeted  to  the  plasma  membrane  in  most  cell 
types.  No  glucose  transporter  isoform  has  been  proven  to  target 
to  the  Golgi,  nor  is  there  evidence  of  any  other  mediator  of 
glucose  transport  into  Golgi.  Five  years  after  the  discovery  of 
GLUTl,  its  potential  role  in  lactation  was  examined  for  the 
first  time.  Subcellular  fractionation  and  Western  blotting  of 
d-10  lactating  rat  mammary  glands  suggested  that  during  lac¬ 
tation,  GLUTl  may  also  be  found  in  the  Golgi  (8),  but  no  other 
time  points  were  examined.  Because  this  study  relied  exclu¬ 
sively  upon  subcellular  fractionation,  the  possibility  that  Golgi 
fractions  were  contaminated  with  other  organelles  cannot  be 
excluded.  In  other  studies  (9,  10)  in  d-10-12  lactating  rat 
mammary  gland  relying  only  upon  microscopy,  high  and  po¬ 
larized  expression  of  plasma  membrane  GLUTl  during  lacta¬ 
tion  was  seen,  and  total  cellular  GLUTl  content  declined  after 
weaning  pups  for  24  h  (9).  However,  Golgi  targeting  of 
GLUTl  was  not  observed.  These  contradictory  results  demon¬ 
strated  to  us  the  need  for  a  comprehensive  multifaceted  ap¬ 
proach  to  examine  whether  or  not  GLUTl  is  a  candidate  Golgi 
glucose  transporter  during  lactation. 

Therefore,  this  study  examined  whether  changes  in  the 
amount,  activity,  and  subcellular  targeting  of  GLUTl  in  lac¬ 
tating  mouse  mammary  gland  are  regulated  in  a  manner  con¬ 
sistent  with  a  possible  role  for  GLUTl  in  supplying  free 
glucose  to  Golgi  as  a  substrate  for  lactose  synthesis.  Specifi¬ 
cally,  we  hypothesized  that  during  lactation,  the  amount  of 
GLUTl  would  increase  and  a  transition  from  plasma  mem¬ 
brane  targeting  to  Golgi  targeting  would  occur.  Furthermore, 
we  tested  the  hypothesis  that  under  conditions  of  forced  wean¬ 
ing,  abruptly  curtailing  milk  synthesis,  Golgi  targeting  of 
GLUTl  would  diminish.  To  provide  multiple  lines  of  evidence, 
methods  included  subcellular  fractionation  and  density  gradi¬ 
ent  centrifugation,  epifluorescent  and  confocal  immunofluores- 
cent  microscopy,  and  immunohistochemistry. 


METHODS 

Antisera  and  reagents.  GLUTl  antibody  was  a  well- 
characterized  highly  specific  rabbit  polyclonal  antiserum  to 
human  GLUTl  raised  against  synthetic  peptide  made  up  of  the 
16  C-terminal  amino  acids,  a  kind  gift  of  Dr.  M.  Mueckler 
(Washington  University  School  of  Medicine,  St.  Louis,  MO). 
This  antibody  was  affinity  purified  using  the  same  synthetic 
peptide  bound  to  thiopropyl  sepharose  (Pharmacia,  Piscataway, 
NJ)  (11)  before  use  for  immunoblotting  or  irmnunocytochem- 
istry.  Mouse  MAb  to  rat  j3-COP  were  obtained  from  Sigma 
Chemical  Co.  (St.  Louis,  MO).  Fluorescein-labeled  goat  anti- 
rabbit  antibodies  and  Texas-red  sheep  anti-mouse  antibodies 
were  from  ICN  (Aurora,  OH).  Reagents  were  from  Sigma 
Chemical  Co.  unless  otherwise  specified. 

Animals.  Nulliparous  female  CD-I  mice  (Harlan  Sprague- 
Dawley,  Indianapolis,  IN)  were  mated,  and,  at  parturition  (d  0 
of  lactation),  the  litters  were  adjusted  to  10  pups.  Animals  were 
fed  on  Purina  lab  chow  (Ralston  Purina,  St.  Louis,  MO)  and 
had  access  to  water  ad  libitum  and  a  daily  photoperiod  of  12  h. 
Experiments  were  carried  out  in  duplicate  or  triplicate  using 
different  animals,  and  representative  results  are  shown.  Studies 
were  reviewed  and  approved  by  the  Animal  Studies  Commit¬ 
tees  of  the  Washington  University  School  of  Medicine  and  the 
Baylor  College  of  Medicine. 

Subcellular  fractionation  and  density  gradient  centrifuga¬ 
tion.  One  mammary  gland  preparation  per  animal  was  prepared 
as  follows.  Mammary  glands  were  removed  and  rinsed  twice 
with  ice-cold  PBS  and  once  with  sucrose  solution  (0.25  M 
sucrose,  10  mM  triethanolamine,  10  mM  acetic  acid,  pH  7.8), 
resuspended  in  a  small  volume  of  homogenization  buffer  (PBS, 
1  mM  EDTA),  and  homogenized  with  five  strokes  in  a  tight- 
fitting  Dounce  homogenizer.  After  centrifugation  at  3000  X  g 
for  10  min  at  4°C,  the  supernatant  was  centrifuged  at  17  000  X 
g  for  10  min  at  A°C.  This  supernatant  was  centrifuged  at 
1(X)  000  X  g  for  30  min  at  4°C.  In  certain  experiments,  the 


Figure  1.  GLUTl  induction  during  pregnancy  and  lactation.  Homogenate  ftactions  from  mouse  mammary  gland  were  subjected  to  SDS-PAGE,  Western 
blotting,  enhanced  chemiluminescence  (ECL),  and  laser  densitometry  as  described  in  “Methods.”  Samples  containing  10  p,g  of  total  cellular  protein  were  mn 
on  the  same  gel,  and  ECL  exposure  time  was  1  min.  Results  are  expressed  relative  to  peak  GLUTl  expression,  which  was  observed  8  d  after  delivery.  GLUTl 
rises  from  very  low  levels  in  virgin  gland  during  pregnancy,  increases  further  during  lactation,  then  rapidly  declines  upon  weaning. 
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17  000-g  pellet  was  resuspended  and  subjected  to  density 
gradient  centrifugation  in  a  self-generating  iodixanol  density 
gradient  (10-37%)  at  180  000  X  g  for  3  h  at  4°C.  Fractions 
were  collected  from  the  top  (Labconco  Auto-densi  Flow,  Kan¬ 
sas  City,  MO),  and  the  lowest  density  fraction  (1.05-1.08 
g/cm^)  was  analyzed.  Alkaline  phosphatase  (12)  and  galacto- 
syltransferase  (13)  were  assayed  as  described. 

Western  blotting.  Samples  were  prepared  and  subjected  to 
standard  SDS-PAGE  on  10%  gels  as  previously  described  (14). 
Proteins  were  immobilized  on  nitrocellulose  by  wet  transfer. 
Primary  antibody  was  the  peptide  affinity  purified  GLUTl 
antibody  described  above  (1  fxgtmL  in  5%  nonfat  dry  milk  in 
PBS).  Horseradish  peroxidase-linked  donkey  anti-rabbit  anti¬ 
body  (Amersham,  Piscataway,  NJ)  served  as  secondary  anti¬ 
body,  and  signal  was  detected  using  ECL-Plus  (Amersham). 
Quantitative  differences  in  signal  strength  were  measured  using 
a  laser  densitometer  and  ImageQuant  software  (Molecular 
Dynamics,  Sunnyvale,  CA). 

Immunohistochemical  staining.  Mammary  tissue  was  fixed 
in  10%  neutral  buffered  formalin  supplemented  with  zinc 
chloride  (Anatech,  Ltd.,  Battle  Creek,  MI)  and  processed  for 
paraffin  sections  by  using  standard  techniques.  Tissues  were 
embedded  in  paraffin  and  sectioned  at  4  /am  on  a  rotary 
microtome  (Leitz  1512),  collected  on  standard  glass  micro¬ 
scope  slides,  and  stained  with  hematoxylin  and  eosin  by  using 
a  routine  Harris  hematoxylin  solution  and  alcoholic  eosin 
counterstain.  Sections  were  affixed  to  capillary  gap  glass  mi¬ 
croscope  slides  (Ventana  Medical  Systems,  Inc.,  Tucson,  AZ), 
dried  at  60°C  for  1  h,  and  deparaffinized.  The  tissue  sections 
were  incubated  for  20  min  in  a  1:10  citrate  buffer  solution 
(Dako  Corporation,  Carpinteria,  CA)  in  a  steam  environment  to 
enhance  antigen  availability  and  then  incubated  in  the  same 
solution  for  an  additional  20  min  at  room  temperature.  The 
sections  were  rinsed  in  PBS/T  to  enhance  flow  in  the  capillary 
gap;  PBS/T  was  used  to  rinse  the  sections  between  all  steps  of 
the  protocol.  All  reagents  used  in  the  immunohistochemical 
procedure  were  made  in  PBS/T  supplemented  with  0.5%  crys¬ 
talline  grade  BSA  (Sigma  Chemical  Co.)  as  a  protein  carrier. 
GLUTl  immunohistochemistry  was  performed  using  a  Tek- 
Mate  500  automated  system  (Ventana  Medical  Systems,  Inc.). 
Sections  were  incubated  in  a  1:75  solution  of  normal  goat 
serum  (Vector  Laboratories,  Burlingame,  CA)  for  20  min  at 
room  temperature.  The  serum  was  removed,  anti-GLUTl  an¬ 
tibody  was  applied  at  a  concentration  of  2.5  /u-g/mL,  and  the 
seetions  were  incubated  in  a  humid  chamber  at  room  temper¬ 
ature  overnight.  Negative  control  sections  were  incubated  in 
diluent  rather  than  the  GLUTl  antibody.  After  incubation, 
sections  were  rinsed  and  a  biotin-conjugated  goat  anti-rabbit 
IgG  (Vector  Laboratories)  was  applied  at  2.25  /u,g/mL  for  45 
min  at  room  temperature.  This  was  followed  by  endogenous 
peroxidase  exhaustion  using  3%  H2O2  in  absolute  methanol, 
three  changes  of  5  min  each.  The  sections  were  treated  with  a 
peroxidase- tagged  avidin-biotin  complex  (Vector  Laborato¬ 
ries)  for  45  min  at  room  temperature.  Antigenic  sites  were 
visualized  using  diaminobenzidine  enhanced  with  1%  nickel 
chloride  as  the  chromogen  (Sigma  Chemical  Co.  Chemicals, 
St.  Louis,  MO).  The  tissue  sections  were  counterstained  with 
eosin,  then  processed  through  ascending  grades  of  ethyl  alco- 
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Figure  2.  Golgi  targeting  of  GLUTl  during  lactation.  Subcellular  fraction¬ 
ation  of  mammary  gland  wa.s  carried  out  as  described  in  “Methods.”  Lane  1, 
homogenate;  lane  2,  3000-g  (nuclear)  pellet;  lane  3,  3000-g  supernatant;  lane 
4,  17  000-g  (Golgi-enriched)  pellet;  lane  5,  100  000-g  (plasma  membrane- 
enriched)  pellet;  lane  6,  100  000-g  supernatant  (cytosol).  Samples  contained  60 
frg  of  protein  except  for  the  virgin  samples,  which  contained  25  fig.  ECL 
exposure  times  were  adjusted  as  needed  to  assess  relative  targeting  to  Golgi- 
enriched  and  plasma  membrane-enriched  fractions  while  avoiding  saturation  of 
signal  from  any  one  fraction  and  ranged  from  overnight  for  the  virgin  samples 
to  30  s  for  the  samples  from  d  8.  Total  GLUTl  expression  at  these  time  points 
was  directly  compared  in  Figure  1.  GLUTl  targeting  shifts  from  predominance 
in  the  plasma  membrane-enriched  fraction  in  the  virgin,  to  approximately 
equivalent  plasma  membrane  and  Golgi  targeting  in  late  pregnancy  and  on  the 
day  of  delivery,  to  predominance  in  the  Golgi-enriched  fraction  by  d  8. 
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hoi  and  xylene,  and  mounted  on  coverslips  by  use  of  a  syn¬ 
thetic  mountant. 

Immunofluorescent  staining.  Sections  were  prepared  as 
described  above.  After  incubation  with  primary  antibody 
against  GLUTl,  sections  were  rinsed  and  an  EITC-conjugated 
antibody  directed  against  rabbit  IgG  (Dako  Corporation)  was 
applied  at  a  concentration  of  1:30  for  45  min  in  the  dark. 
Sections  were  washed  well,  mounted  in  a  nonfluorescent  aque- 
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Figure  3.  Basolateral  plasma  membrane  targeting  of  GLUTI  during  lactation.  (A)  virgin,  (B)  pregnant  d  20,  (C)  lactating  (d  18  after  delivery),  and  (D)  weaning 
(d  21  after  delivery).  Bar,  60  p,m.  Immunocytochemistry  was  carried  out  as  described  in  “Methods.”  Positive  staining  for  GLUTI  is  indicated  by  brown.  Control 
slides  showed  no  signal.  The  virgin  gland  is  predominantly  fat,  but  nonpolarized  plasma  membrane  targeting  of  GLUTI  is  seen  in  islands  of  mammary  epithelial 
cells.  During  lactation,  GLUTI  staining  is  intense  but  is  observed  only  in  basolateral  plasma  membrane  and  not  in  apical  plasma  membrane. 


Figure  4.  Intracellular  targeting  of  GLUTI  during  lactation.  (A)  virgin,  (E)  pregnant  d  20,  (C)  lactating  (d  18  after  delivery),  and  (D)  weaning  (d  21  after 
delivery).  Bar,  60  /rm.  Immunofluorescent  staining  and  microscopy  were  carried  out  as  described  in  “Methods.”  Control  slides  showed  a  level  of  signal  equivalent 
to  that  seen  in  weaning  gland.  Nonpolarized  plasma  membrane  targeting  of  GLUTI  in  virgin  gland  and  polarized  targeting  of  GLUTI  in  the  lactating  gland  are 
seen.  In  addition,  strong  intracellular  signal  is  observed  in  the  lactating  but  not  in  the  virgin  gland.  The  weaning  gland  shows  only  nonspecific  staining.  Strong 
signal  is  observed  in  red  blood  cells  due  to  autofluorescence. 
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Figure  5.  Colocalization  of  GLUTl  with  the  Golgi  marker  ^-COP  during  lactation.  (A)  control  with  GLUTl  preimmune  serum,  (B)  control  with  secondary 
antibody  only,  (C)  control  signals  merged,  (D)  GLUTl  staining,  (£)  ^-COP  staining,  and  (F)  GLUTl  and  /3-COP  signals  merged  with  yellow  indicating 
colocalization.  Immunofluorescent  staining  and  microscopy  were  carried  out  as  described  in  “Methods.”  Bar,  1  /xm.  The  high  degree  of  colocalization  of  GLUTl 
with  the  Golgi  marker  /3-COP  (F)  demonstrates  that  GLUTl  is  also  targeted  to  Golgi.  Control  panels  A,  B,  and  C  demonstrate  that  the  staining  shown  in  D,  E, 
and  F  is  specific. 


ous  medium,  and  viewed  with  a  Zeiss  Axiophot  epifluorescent 
microscope  at  a  wavelength  of  490  nm.  The  images  are  shown 
as  equivalent  exposures  acquired  by  a  Cohu  (San  Diego,  CA) 
4910  uncooled  charge-coupled  device  camera;  no  enhancement 
or  intensification  was  performed.  For  confocal  microscopy 
slides,  GLUTl  antibody  was  used  as  primary  antibody  as 
described  above,  and  j3-COP  antibody  was  also  used  as  pri¬ 
mary  antibody  at  1:80.  Then,  fluorescein-labeled  goat  anti¬ 
rabbit  antibodies  and  Texas-red  sheep  anti-mouse  antibodies 
were  both  applied  as  described  above.  Also,  for  confocal 
microscopy,  preimmune  GLUTl  serum  rather  than  diluent  was 
used  as  a  negative  control.  A  Molecular  Dynamics  Multiprobe 
2010  inverted  confocal  laser  scanning  microscope  was  used. 

RESULTS 

Developmental  changes  in  GLUTl  expression.  GLUTl 
expression  in  the  mouse  mammary  gland  (Fig.  1)  was  studied 
in  virgins,  in  late  pregnancy  (d  20),  on  the  day  of  delivery  (d 
0),  at  midlactation  (d  8),  at  the  peak  of  lactation  (d  18),  and 
then  at  different  time  points  during  weaning  (d  21,  23,  and  29). 
Expression  gradually  rose  from  an  extremely  low  level  in 
virgins,  increased  on  the  day  of  delivery  to  a  peak  during 


lactation,  and  then  declined  to  very  low  levels  as  weaning 
progressed  (Fig.  1). 

To  demonstrate  whether  there  are  changes  in  the  subcellular 
targeting  of  GLUTl  as  it  is  induced  during  pregnancy  and 
lactation,  subcellular  fractionation  was  used  to  prepare  a 
17  000-g  pellet  enriched  in  Golgi  and  a  100  000-g  pellet 
enriched  in  plasma  membrane.  Enrichment  was  demonstrated 
by  assays  of  marker  enzymes.  Relative  to  total  cellular  levels 
of  each  marker,  the  activity  of  galactosyltransferase,  a  Golgi 
marker,  was  enriched  3.5-  to  4.3-fold  in  the  Golgi-enriched 
fraction,  whereas  alkaline  phosphatase,  a  marker  of  plasma 
membrane,  was  enriched  4.5-  to  8.6-fold  in  the  plasma  mem¬ 
brane-enriched  fraction.  Virgins  demonstrated  predominance 
of  GLUTl  in  the  plasma  membrane-enriched  fraction,  whereas 
mammary  gland  differentiation  during  pregnancy  and  lactation 
was  associated  with  an  increase  in  GLUTl  targeting  to  the 
Golgi-enriched  fractions  (Fig.  2).  Quantitation  by  laser  densi¬ 
tometry  showed  that  GLUTl  was  preferentially  targeted  to  the 
Golgi-enriched  fraction,  as  indicated  by  3.9-fold  enrichment  on 
d  8  (Fig.  2)  compared  with  an  enrichment  of  1. 9-fold  in  the 
plasma  membrane-enriched  fraction.  As  expected,  there  was  no 
significant  targeting  of  GLUTl  to  the  3000-g  pellet,  which  is 
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enriched  in  nuclei,  or  to  the  100  000-g  supernatant,  which  is 
enriched  in  cytosol.  Immunohistochemistry,  a  method  well 
sifited  for  evaluation  of  plasma  membrane  staining,  demon¬ 
strated  labeling  of  plasma  membrane  in  mammary  gland  of 
virgin,  pregnant,  and  lactating  mice  (Fig.  3).  The  increase  in 
GLUTl  expression  during  pregnancy  is  partially  accounted  for 
by  the  proliferation  of  mammary  epithelial  cells.  Staining  for 
GLUTl  was  not  observed  during  weaning,  consistent  with 
results  of  Western  blotting.  Virgin  gland  demonstrated  a  pre¬ 
dominance  of  fat  cells,  but  the  mammary  epithelial  cells 
showed  significant  plasma  membrane  targeting  to  both  the 
basolateral  and  apical  membrane.  In  contrast,  during  lactation, 
there  was  intense  staining  of  the  basolateral  membrane  and  no 
staining  of  the  apical  plasma  membrane,  indicating  a  polariza¬ 
tion  of  membrane  targeting.  Immunofluorescent  microscopy, 
which  is  suitable  for  evaluation  of  intracellular  as  well  as 
plasma  membrane  targeting,  confirmed  nonpolarized  targeting 
of  GLUTl  in  the  virgin  gland  and  an  increase  in  expression 
during  pregnancy  and  lactation  (Fig.  4).  In  the  lactating  gland, 
intracellular  staining  and  basolateral  plasma  membrane  stain¬ 
ing  were  seen.  No  specific  staining  was  seen  in  mammary 
gland  during  weaning.  To  further  define  the  subcellular  target¬ 
ing  of  GLUTl  during  lactation,  confocal  immunofluorescent 
microscopy,  which  detects  signal  in  a  single  plane  and  is  more 
suitable  for  definition  of  intracellular  targeting,  was  used  to 
evaluate  d-18  lactating  mammary  gland  stained  for  GLUTl 
and  j3-COP,  a  Golgi  marker  (15).  GLUTl  was  distributed  in  a 
predominantly  perinuclear  punctate  pattern  with  some  vesicu¬ 
lar  and  plasma  membrane  staining  as  well  (Fig.  5D).  ^-COP 
was  similarly  distributed  but  with  a  somewhat  more  diffuse 
pattern  (Fig.  5E).  The  yellow  signal  in  Figure  5F  results  from 
merging  red  and  green  signals  in  Figure  5,  D  and  E,  and  the 
abundant  yellow  signal  indicates  a  high  degree  of  colocaliza¬ 
tion  of  GLUTl  with  the  Golgi  marker  j3-COP.  Figure  5,  A-  C, 
demonstrates  the  insignificance  of  nonspecific  staining. 

Reversible  changes  in  GLUTl  content  and  subcellular 
targeting  during  forced  weaning.  The  removal  of  nursing 
18-d-old  pups  from  their  dams  resulted  in  changes  in  the 
amount  and  subcellular  targeting  of  mammary  gland  GLUTl 
witbin  3  h  (Fig.  6).  A  decline  in  total  GLUTl  content  and  a 
change  from  predominance  of  GLUTl  targeting  in  the  Golgi- 
enriched  fraction  to  predominance  in  the  plasma  membrane- 
enriched  fraction  were  observed.  lodixanol  density  gradient 
centrifugation  of  the  17  000-g  pellet  was  used  to  provide 
further  enrichment.  Because  Golgi  membranes  have  the  lowest 
buoyant  density  of  any  subeellular  membrane  fraction,  the 
lowest  density  fraction,  corresponding  to  a  density  of  1.05- 
1.08  g/cm^,  was  analyzed.  A  fall  in  Golgi  enrichment  of 
GLUTl  occurred  within  3  h,  and  there  was  no  Golgi  enrich¬ 
ment  of  GLUTl  by  5  h  (Fig.  7).  However,  when  pups  were 
then  returned  to  the  dam  for  5  h,  Golgi  enrichment  of  GLUTl 
was  again  observed.  When  pups  were  returned  for  15  h,  Golgi 
enrichment  of  GLUTl  was  fully  restored. 

DISCUSSION 

The  production  of  an  adequate  volume  of  milk  by  the 
nursing  mother  is  a  prerequisite  for  successful  lactation.  Be- 
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Figure  6.  Decline  in  GLUTl  expression  and  in  Golgi  targeting  of  GLUTl 
during  forced  weaning.  Eighteen-day-old  pups  were  removed  from  lactating 
dams  for  the  specified  time.  Subcellular  fractionation  of  mammary  gland  was 
carried  out  as  described  in  “Methods.”  Lane  1,  homogenate;  lane  2,  3000-g 
(nuclear)  pellet;  lane  3,  3000-g  supernatant;  lane  4,  17  000-g  (Golgi-enriched) 
pellet;  lane  5,  100  000-g  (plasma  membrane-enriched)  pellet;  lane  6, 
too  000-g  supernatant  (cytosol).  Samples  contained  60  p,g  of  protein,  and  ECL 
exposure  times  were  identical.  Results  shown  are  representative  and  at  any 
time  point  varied  20%  or  less.  Declines  in  the  amount  and  Golgi  targeting  of 
GLUTl  are  apparent  3  h  after  weaning  and  are  pronounced  by  5  h  after 
weaning. 


cause  lactose  is  the  major  osmotic  constituent  of  human  milk, 
the  synthesis  of  lactose  determines  the  volume  of  milk  pro¬ 
duced.  Because  changes  in  lactose  synthetase  activity  do  not 
correlate  with  changes  in  milk  production  (16),  the  process 
may  be  regulated  at  the  level  of  substrate  availability.  The 
lactating  mammary  gland  is  unique  in  its  requirement  for  the 
transport  of  free  glucose  across  the  Golgi  membrane.  GLUTl 
is  the  only  member  of  the  facilitated  diffusion  glucose  trans¬ 
porter  family  expressed  in  mammary  gland.  Neither  GLUTl 
nor  any  other  isoform  of  the  glucose  transporter  family  is 
considered  a  Golgi  resident,  although  a  six-amino  acid  portion 
of  GLUT4  does  confer  targeting  to  the  trans-Golgi  network  and 
insulin-sensitive  translocation  to  the  plasma  membrane  in  fat 
and  muscle  cells  (17). 

Several  investigators  have  studied  GLUTl  expression  in  the 
lactating  mammary  gland  with  conflicting  results  described 
above.  The  purpose  of  the  experiments  reported  here  was  to 
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Figure  7.  Reversibility  of  the  effect  of  forced  weaning  on  GLUTl  targeting. 
Pups  were  removed  from  lactating  dams  for  the  specified  time.  In  certain 
experiments,  indicated  in  crosshatch,  pups  were  returned  to  their  dams  after  a 
5-h  weaning  period.  Subcellular  fractionation  and  iodixanol  density  gradient 
centrifugation  of  mammary  gland  were  carried  out  as  described  in  “Methods.” 
Representative  results  are  expressed  as  enrichment  of  the  purified  Golgi 
fraction  relative  to  total  cellular  levels  of  GLUTl.  Golgi  targeting  of  GLUTl 
was  lost  by  5  h  and  was  not  observed  after  10  or  20  h  of  weaning.  However, 
when  pups  were  returned  to  the  dam  after  a  5-h  absence,  Golgi  targeting  of 
GLUTl  was  observed  within  the  next  5  h  and  was  fully  restored  15  h  after 
lactation  was  resumed, 

systematically  test  whether  the  developmental  regulation  of  the 
amount  and  subcellular  trafficking  of  GLUT  1  in  mouse  mam¬ 
mary  gland  indicates  an  important  role  for  GLUTl  in  the 
provision  of  substrate  for  lactose  synthesis.  In  contrast  with 
previous  studies,  independent  methods  were  used,  and  multiple 
time  points  during  the  normal  developmental  cycle  and  the 
forced  weaning-refeeding  cycle  were  examined. 

Importantly,  consistent  results  from  independent  methods, 
subcellular  fractionation  followed  by  density  gradient  centrif¬ 
ugation,  and  epi-  and  confocal  immunofluorescent  microscopy 
indicate  that  during  lactation,  GLUTl  is  targeted  not  to  the 
plasma  membrane  as  it  is  in  most  cells  but  to  the  Golgi.  This 
resolves  the  contradictory  previous  studies  and  leads  to  the 
conclusion  that  GLUTl  is  diverted  from  normal  sorting  path¬ 
ways  to  the  Golgi.  Preferential  targeting  of  GLUTl  to  baso- 
lateral  compared  with  apical  membrane  during  lactation  is 
consistent  with  the  need  of  the  mammary  epithelial  cell  to  take 
up  glucose  from  the  blood.  More  work  is  needed  to  demon¬ 
strate  that  GLUTl  actually  controls  the  provision  of  glucose  to 
the  Golgi  for  lactose  synthesis.  The  results  do  not  exclude  the 
previously  suggested  (8)  possibility  that  a  novel  transporter, 
yet  to  be  identified,  resides  in  the  Golgi. 

The  results  suggest  a  tissue-  and  developmental  stage- 
specific  Golgi  targeting  mechanism  for  GLUTl.  The  structural 
determinants  of  targeting  of  proteins  to  Golgi  are  controversial. 
The  transmembrane-spanning  domain  or  specific  amino  acid 
motifs  within  it  have  seemed  important  (18).  However,  no 
common  retention  signal  is  apparent  on  examination  of  a  large 
number  of  cloned  glycosyltransferases  (19).  Other  proposed 
explanations  include  the  formation  of  nonmobile  protein  oli¬ 
gomers  or  the  influence  of  the  high  cholesterol  content  of  Golgi 
membranes  on  mobility  of  resident  Golgi  enzymes  (20).  Be¬ 


cause  our  general  understanding  of  the  determinants  of  protein 
targeting  to  Golgi  is  limited,  it  is  not  surprising  that  the 
molecular  basis  of  the  hormonally  regulated  Golgi  targeting  Of 
GLUTl  is  unclear.  Further  study  may  reveal  mechanisms 
regarding  GLUTl  targeting  that  are  relevant  to  other  Golgi 
proteins  as  well.  Hormonal  regulation  of  GLUTl  subcellular 
targeting  suggests  a  flexibility  of  the  Golgi  targeting  machinery 
that  has  not  previously  been  appreciated. 

The  reversible  nature  of  the  targeting  of  GLUTl  to  Golgi 
and  the  time  course  over  which  changes  in  GLUTl  targeting 
are  observed  suggest  a  dynamic  process  that  requires  frequent 
suckling  to  maintain  substrate  supply  for  lactose  synthesis. 
Future  work  will  explore  the  relevance  of  this  mechanism  to 
the  phenomenon  of  decreased  production  of  human  milk  when 
nursing  intervals  are  prolonged. 
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The  synthesis  of  lactose,  the  major  osmotic  constituent  of  milk,  determines  the 
volume  of  milk  production  in  humans.  A  primary  function  of  the  differentiated  mammary 
epithelial  cell  is  the  synthesis  of  lactose,  within  the  Golgi,  from  UDP-galactose  and  free 
glucose.  The  final  step  in  the  biosynthesis  of  lactose  is  catalyzed  by  lactose  synthetase,  a 

complex  of  a-lactalbumin  and  the  Golgi  enzyme  pi,4-galactosyltransferasel.  The 
mammary  gland  is  unique  in  its  requirement  for  transport  of  free  glucose  into  the  Golgi. 
GLUTl,  the  only  glucose  transporter  expressed  in  mammary  epithelial  cells2-4,  normally 
resides  in  the  plasma  membrane.  Its  role  in  glucose  transport  into  Golgi  of  rodents  has 
been  controversial^’^’^.  Human  milk  contains  about  three  times  more  lactose  than  rodent 
milk.  Here  we  utilize  immuno fluorescent  staining  of  human  mammary  epithelial  cells  to 
demonstrate  prolactin-dependent  colocalization  of  GLUTl  with  several  Golgi  markers. 
This  illustrates  a  potential  mechanism  for  the  delivery  of  free  glucose  to  the  Golgi,  in 
what  may  be  the  rate-limiting  step  for  lactose  synthesis  and  milk  production.  In  addition 
to  its  widely  recognized  role  in  the  uptake  of  glucose  by  cells,  GLUTl  may  also  mediate 
glucose  transport  between  intracellular  compartments. 


Immunofluorescent  microscopy  of  human  mammary  epithelial  cells  in 
maintenance  medium  using  anti-GLUTl  antibody  demonstrated  primarily  plasma 
membrane  distribution  of  GLUTl,  as  well  as  some  intracellular  staining,  mostly  in  a 
perinuclear  pattern  (Fig.  1  A).  After  exposure  to  prolactin-rich  medium  for  4  days, 

GLUTl  was  specifically  targeted  intracellularly,  demonstrating  a  perinuclear  punctate 
pattern  as  well  as  apparent  nuclear  membrane  staining.  Plasma  membrane  staining  was 
markedly  reduced  (Fig.  IB).  In  cells  exposed  to  prolactin,  perinuclear  GLUTl 
colocalized  with  ECFP-Golgi,  a  cyan  fluorescent  protein  fused  to  a  membrane-anchoring 
signal  specific  to  pi,4-galactosyltransferase,  identifying  the  medial/trans  region  of  the 
Golgi^(Fig.  2A-C).  Immunocytochemistry  of  cells  exposed  to  prolactin  also 
demonstrated  colocalization  of  GLUTl  with  a-lactalbumin,  the  milk  whey  protein  that 
associates  with  galactosyltransferase  to  form  lactose  synthetase^  (Fig.  2D-F),  and  with  a- 
mannosidase  II,  a  medial-Golgi  marker^(Fig.  2G-I).  GLUTl  also  showed  partial 
colocalization  with  p-COP,  a  ci5-Golgi  marker  that  also  marks  the  trans-Golgi  network 
and  the  ER-Golgi  boundary 9(Fig.  2J-L).  GLUTl  did  not  colocalize  with  BODIPY-TR 
ceramide,  a  trans-Golgi  markerlO(Fig.  2M-0).  A  brief  exposure  to  transferrin-Texas  Red 
served  to  mark  endosomesH,  while  prolonged  exposure  marked  lysosomes^^.  Some 
perinuclear  punctate  staining  of  GLUTl  corresponded  to  endosomes  (Fig.  2P-R),  but  not 
to  lysosomes  (Fig.  2S-U).  Nonspecific  signal  was  negligible  under  all  conditions. 


Upon  exposure  of  human  mammary  epithelial  cells  to  prolactin,  GLUTl  is 
targeted  primarily  to  the  medial-Go\gi,  colocalizing  with  the  components  of  lactose 
synthetase  complex.  The  initiation  of  a-lactalbumin  synthesis  that  occurs  at  parturition  is 
required  for  the  initiation  of  copious  milk  production,  but  is  neither  the  only  factor  nor 

the  limiting  factor  controlling  lactose  synthesis^^.  Our  findings  support  the  importance  of 
GLUTl  for  transport  of  glucose  into  Golgi,  and  suggest  how  a  substrate  required  for 
lactose  synthesis  is  delivered.  Apparent  nuclear  membrane  staining  for  GLUTl  seen  in 
human  mammary  epithelial  cells  has  not  been  reported  previously  in  any  cell  type,  and  its 
significance  is  a  matter  for  speculation  and  further  smdy.  The  suggestion  that  GLUTl 
does  not  solely  act  at  the  plasma  membrane,  but  may  fimction  in  an  intracellular 
organelle  as  well,  conceptually  complements  the  well-known  insulin-regulated  targeting 

of  GLUTd^"^,  and  to  a  lesser  extent  of  GLUTl  to  their  site  of  action,  the  plasma 
membrane,  in  fat  and  muscle  cells.  Our  results  indicate  the  existence  of  a  prolactin- 
induced,  cell  type-specific,  developmental  stage-specific  sorting  machinery  for  GLUTl 
in  meimmary  epithelial  cells.  The  identification  of  GLUTl  in  endosomes  suggest  that 
GLUTl  sorting  is  a  continuous,  dynamic  process.  Further  work  delineating  the  molecular 
mechanism  of  GLUTl  sorting  and  the  targeting  determinants  it  recognizes  should 
improve  our  understanding  of  a  key  regulatory  step  of  milk  production  in  the  nursing 


mother. 


METHODS 


Cell  culture:  Human  mammary  epithelial  cells  (Clonetics,  BioWhittaker,  Walkersville, 
MD)  from  normal  breast  tissue  biopsies  were  maintained  in  medium  containing  10  ng/ml 
hEGF  (human  recombinant  Epidermal  Growth  Factor),  5  mg/ml  insulin  and  0.5  mg/ml 
hydrocortisone.  The  cells  were  treated  for  4  days  in  medium  containing  also  0.5  mg/ml 
BPE  (Bovine  Pituitary  Extract,  Clonetics),  which  is  rich  in  prolactin. 

Transfection  with  pECFP-Golgi;  Liposome-mediated  transfection  using  LipoFectAmine 
Plus  Reagent  (GibcoBRL,  Life  Technologies  Inc.,  Rockville,  MD)  was  performed  in  35 
mm  dishes,  containing  5X10^  cells  per  plate.  Each  plate  was  transfected  with  1  p.g  of 
pECFP-Golgi  (Clontech  Laboratories  Inc.,  Palo  Alto,  CA)  according  to  the 
manufacturer’s  instructions.  Transient  transfections  were  checked  for  fluorescent  signal 
within  48-60  hours  from  transfection. 

Immunofluorescent  staining:  Cells  were  grown  on  glass  coverslips,  fixed,  and 
permeabilized  with  0.1%  Triton  X-100  in  PBS.  Treatment  with  primary  antibody  in  0.1% 
horse  serum  in  PBS  was  performed  overnight  at  4°C.  Primary  antibodies  included:  (1) 

peptide-affinity  purified  mouse  polyclonal  antibody  against  the  C-terminus  of  GLUTl  1^, 
6  pg/ml;  (2)  mouse  monoclonal  antibody  against  human  a-lactalbumin  (Clone  F20.16) 
(NeoMarkers,  Lab  Vision  Corp.,  Fremont,  CA),  1:100;  (3)  mouse  monoclonal  antibody 
against  rat  mannosidase  11  (Clone  53FC3)  (BabCO,  Berkeley  Antibody  Company, 
Richmond,  CA),  1:100;  (4)  mouse  monoclonal  antibody  against  synthetic  peptide  D1  of 
P-COP  (Clone  maD)  (Sigma,  St.  Louis,  MO),  1:80.  FITC-conjugated  goat  anti-rabbit 
antibody  and  Texas  Red  conjugated  rabbit  anti-mouse  antibody  (diluted  1:100  with  0.1% 
horse  serum  in  PBS)  were  used  as  secondary  antibodies.  Coverslips  were  then  mounted  in 


Pro  Long  anti-fade  medium  (Molecular  Probes,  Eugene,  OR)  on  glass  slides  for 
microscopic  examination. 

Staining  with  BODIPY-TR-ceramide:  Cells  were  grown  on  glass  coverslips  and  fixed. 
Incubation  with  5  nmol/ml  BODIPY-TR-ceramide  (Molecular  Probes,  Inc.  Eugene,  OR) 
was  performed  on  permeabilized  cells  in  the  same  manner  used  for  the  treatment  with  the 
primary  antibodies,  as  described  above. 

Staining  with  transferrin-Texas  Red:  Cells  were  grown  on  glass  coverslips,  and  incubated 
with  100  pg/ml  of  transferrin-Texas  Red  (Molecular  Probes,  Inc.  Eugene,  OR)  at  37°C 
for  15  minutes  to  mark  endosomes,  or  overnight  to  mark  lysosomes,  before  fixation, 
permeabilization  and  staining  with  anti-GLUTl  antibody. 

Microscopy;  Fluorescent  signal  was  detected  using  an  OLYMPUS  iX-70  microscope. 
Images  were  captured  by  a  color  CCD  camera  (Optronics,  DEI-750  CE  Digital  Output 
Model  S60675).  Exposure  was  adjusted  in  a  linear  manner  and  separate  colour  channels 
were  merged  as  indicated  using  Adobe  Photoshop  5.0. 
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FIGURE  LEGENDS 


Figure  1 :  Exposure  to  prolactin  causes  intracellular  targeting  of  GLUTl.  Cells  were  fixed 
and  exposed  to  specific  anti-GLUTl  primary  antibody.  Bar,  15  pm.  A.  In  maintenance 
medium,  GLUTl  demonstrates  primarily  a  plasma  membrane  distribution  as  well  as 
some  intracellular  mostly  perinuclear,  staining.  B.  After  exposure  to  prolactin-rich 
medium  for  4  days,  GLUTl  was  specifically  targeted  intracellularly,  demonstrating  a 
perinuclear  punctate  pattern,  as  well  as  a  distinct  nuclear  membrane  staining. 

Figure  2:  After  exposure  to  prolactin,  GLUTl  colocalizes  with  a-lactalbumin  and  a- 
mannosidase  II,  and  partially  with  ECFP-Golgi,  p-COP  and  endosomes,  but  does  not 
CO  localize  with  BODIPY-TR-ceramide  or  lysosomes.  Fluorescent  images  were  captured 
60  hours  after  transfection  with  1  pg  of  pECFP-Golgi.  Cells  were  maintained  in 
prolactin-rich  medium  for  4  days,  before  they  were  fixed  and  stained  with  specific  anti- 
GLUTl,  anti-a-lactalbumin,  anti-a-mannosidase  II  or  anti-P-COP  primary  antibodies,  or 
stained  with  BODIPY-TR-ceramide.  Some  cells  were  exposed  shortly  or  overnight  to 
transferrin-Texas  Red  staining  before  fixation  and  exposure  to  anti-GLUTl.  GLUTl  is 
shown  in  green,  and  a-lactalbumin,  a-marmosidase  II  or  P-COP  in  red  after  staining  with 
FITC-conjugated  and  Texas  Red  conjugated  secondary  antibodies,  respectively.  ECFP- 
Golgi  emits  cyan-blue  fluorescence  when  exposed  to  fluorescent  light  at  the  appropriate 
wavelength.  BODIPY-TR-ceramide  and  transferrin  stains  appear  in  red.  Bar,  10  pm.  A, 
D,  G,  J,  M,  P,  S.  GLUTl  signal.  B.  ECFP-Golgi  signal.  E,  H,  K,  N,  Q,  T.  a-lactalbumin, 
a-mannosidase  II,  p-COP,  BODIPY-TR-ceramide  and  transferrin  (short-term  and  long- 


term)  signals,  respectively.  C,  F,  I,  L,  O,  R,  U.  Superimposed  images.  Perinuclear 
colocalization  of  GLUTl  and  ECFP-Golgi  is  shown  as  areas  of  coincident  staining  (C). 
Colocalization  of  GLUTl  and  a-lactalbumin,  a-mannosidase  II,  p-COP,  and  endosomes 
appear  as  areas  of  coincident  staining,  giving  rise  to  yellow  signal  (F,  I,  L,  R).  There  is 
little  overlap  of  GLUTl  green  signal  with  BODIPY-TR-ceramide  or  transferrin  signals 


(0,U). 
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ABSTRACT 


GLUTl  is  the  only  glucose  transporter  iso  form  expressed  in  the  mammary  gland. 
Hormonally  regulated  subcellular  targeting  of  GLUTl  from  the  plasma  membrane  to  Golgi  is 
important  for  lactose  synthesis  in  lactation.  The  purpose  of  this  study  was  to  generate  mammary 
epithelial  cells  expressing  blue,  green  or  red  fluorescent  protein  chimeras  of  GLUTl  in  order  to 
assess  their  usefulness  in  the  study  of  GLUTl  intracellular  targeting.  GLUTl  cDNA  was 
subcloned  into  pEBFP-Nl,  pEGFP-Nl  and  DsRedl-Nl  (Clontech).  EGFP  and  EBFP  are 
enhanced  green  and  blue  variants  of  the  well  studies  green  fluorescent  protein  (GFP)  from  the 
jellyfish  Aequorea  victoria,  and  DsRedl  represents  a  red  fluorescent  protein  from  the  anemone 
relative  Discosoma  striata.  After  liposome-mediated  transfection  of  CIT3  mouse  mammary 
epithelial  cells,  fluorescent  signal  was  observed  in  transient  transfections.  GLUTl  redistribution 
from  plasma  membrane  to  Golgi  in  mammary  epithelial  cells  upon  conditions  mimicking 
lactation  was  demonstrated  using  GLUTl -EGFP  chimeras.  As  opposed  to  the  easily  detected 
green  fluorescent  signal  of  these  chimeras,  the  blue  fluorescent  signal  of  GLUTl -EBFP  fusion 
chimeras  was  very  weak,  and  susceptible  to  rapid  photobleaching,  thus  limiting  their  usefulness. 
The  newly  reported  red  fluorescent  protein  DsRedl  has  an  easily  detected  red  signal,  but  did  not 
exhibit  the  expected  intracellular  pattern  seen  with  EGFP  and  EBFP.  The  GLUTl -DsRedl 
chimera  did  not  follow  the  distribution  of  native  GLUTl,  nor  did  it  co-localize  with  GLUTl - 
EGFP  chimera.  Thus,  chimeras  including  this  red  fluorescent  protein  were  not  useful  in  the  study 
of  GLUTl  trafficking.  Our  findings  raise  major  concerns,  whether  DsRedl  will  be  useful  in  the 
study  of  other  proteins  in  different  cell  types.  Our  future  studies  will  utilize  chimeras  of  GLUTl 
and  EGFP,  rather  than  EBFP  or  DsRedl,  for  co-localization  and  intracellular  trafficking. 
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INTRODUCTION 


The  mammary  gland  is  unique  in  its  requirement  for  transport  of  free  glucose  into  the 
Golgi,  which  is  the  site  of  lactose  synthesis  (6,  25,  29).  GLUTl  is  the  only  known  isoform  of 
glucose  transporter  expressed  in  normal  mammary  gland  (1,  2,  24,  31,  32).  It  normally  resides  in 
the  plasma  membrane,  and  its  role  in  glucose  transport  into  Golgi  of  rodents  has  been 
controversial  (2,  18,  26).  Hormonally  regulated  subcellular  targeting  of  GLUTl  may  have  an 
important  role  for  lactose  synthesis  in  the  Golgi  of  the  mammary  epithelial  cell  during  lactation 
(21). 

The  use  of  green  fluorescent  protein  (GFP)  and  its  variants  as  intracellular  markers  has 
enhanced  the  study  of  intracellular  trafficking,  and  can  be  applied  to  analyze  glucose  transporter 
targeting. 

GFP  from  the  jellyfish  Aequorea  victoria  is  a  reporter  molecule  for  monitoring  gene 
expression  and  protein  localization  in  vivo,  in  situ  and  in  real  time  (3,  7,  8,  15,  17,  23,  28).  GFP 
is  expressed  in  eukaryotic  cells  as  a  fusion  protein  that  serves  as  a  “fluorescent  tag”.  The  wild- 
type  GFP  (wtGFP)  has  a  maximum  peak  of  absorbance  at  395nm  and  a  minor  peak  at  470nm, 
and  emits  green  light  maximally  at  509nm,  with  a  shoulder  at  540nm  (13,  28). 

EBFP  (Enhanced  Blue  Fluorescent  Protein)  is  a  GFP  variant  with  4  amino  acid 
substitutions  that  allow  the  protein  to  emit  blue  light.  The  Tyr-66  to  His  substitution  gives  EBFP 
fluorescence  excitation  and  emission  maxima  of  380  nm  and  440  nm,  respectively  (12,  22,  30). 
The  other  3  substitutions  (Phe-64  to  Leu,  Ser-65  to  Thr  and  TyT-145  to  Phe)  are  intended  to 
enhance  the  brightness  and  solubility  of  the  protein  by  improving  protein  folding  properties  and 
efficiency  of  chromophore  formation.  Blue  Fluorescent  Protein  (BFP)  was  initially  chosen  as  the 
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fusion  fluorescent  ‘tag’  for  GLUTl  to  allow  future  studies  of  multiple  color  co-localization 
studies  using  green  and  red  fluorescent  dyes. 

EGFP  (Enhanced  GFP)  carries  a  red-shifted  variant  of  wild-type  GFP,  which  has  been 
optimized  for  brighter  fluorescence  and  higher  expression  in  mammalian  cells.  It  has  excitation 
maximum  of  488  nm  and  emission  maximum  of  507  nm.  EGFP  contains  two  amino  acid 
substitutions  (Phe-64  to  Leu  and  Ser-65  to  Thr)  (5,  22,  30).  Its  usefulness  as  a  fluorescent  ‘tag’  in 
dynamic  intracellular  trafficking  and  targeting  studies  was  reported  (9, 14,  16). 

DsRed  is  a  newly  discovered  red  fluorescent  protein  isolated  from  the  IndoPacific  sea 
anemone  relative  Discosoma  striata  (19).  DsRed  has  maximum  excitation  and  emission  at  558 
nm  and  583  nm,  respectively,  which  is  clearly  distinct  from  all  the  variants  of  GFP  from 
Aequorea  victoria,  including  EBFP  and  EGFP. 
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MATERIALS  AND  METHODS 


CIT3  cells  are  a  non-neoplastic  cell  line  derived  from  mouse  mammary  epithelial  cells 
(after  being  selected  from  Comma- 1-D  cells  for  their  ability  to  grow  well  on  filters,  form  tight 
junctions  and  exhibit  polarized  transport)  (27).  CIT3  cells  were  provided  by  M.C.  Neville,  PhD., 
University  of  Colorado  School  of  Medicine.  Cells  were  maintained  in  growth  medium  (GM), 
which  is  a  nutrient-defined  basal  medium  (DMEM/F12),  containing  lOpg/ml  insulin  and  5ng/ml 
EGF.  To  stimulate  milk  synthesis  and  secretion,  the  media  was  changed  to  secretion  medium 
(SM),  by  adding  prolactin  3pg/ml  and  hydrocortisone  3pg/ml,  and  withdrawing  EGF. 

pEBFP-Nl  blue  fluorescent  protein  plasmid  vectors,  pEGFP-Nl  green  fluorescent  protein 
plasmid  vectors,  and  pDsRedl-Nl  red  fluorescent  protein  plasmid  vector  (#  6069-1,  #6085-1  and 
#6921-1,  respectively,  Clontech  Laboratories  Inc.,  Palo  Alto,  CA)  were  used.  All  the  vectors 
have  the  human  CMV  immediate  early  promoter  for  high  level  expression.  To  ensure  maximal 
mammalian  expression,  the  coding  regions  of  pEBFP,  pEGFP  and  pDsRedl  contain  more  than 
190  silent  base  mutations,  which  correspond  to  human  codon-usage  preferences  (11). 

GLUTl  cDNA  (20)  recovered  from  pHepG2  using  PCR  was  subeloned  into  pEBFP-Nl, 
pEGFP-Nl  and  pDsRedl-Nl  respectively,  to  create  C-terminus  fusion  of  GLUTl  to  blue,  green 
or  red  fluorescent  proteins.  All  the  vectors  were  sequenced  to  verify  the  right  orientation  and 
exelude  mutations. 

Liposome-mediated  transfection  of  using  LipoFectAmine  Plus  Reagent  (#10964013, 
GibcoBRL,  Life  Technologies  Inc.,  Rockville,  MD)  was  performed  in  35-nim  dishes,  containing 
5  X  10^  cells  per  plate  (60-80%  confluent).  Ipg  DNA  was  diluted  in  basal  serum-free  medium, 
DMEM/F12,  and  6pl  of  premixed  Plus  reagent  was  added  to  give  final  volume  of  lOOpl.  The 
mixture  was  incubated  at  room  temperature  for  15  minutes  to  allow  DNA-Plus  complexes  to 
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form.  Cationic  liposomes  (LipoFect Amine)  transfection  reagent  (4pl  diluted  in  lOOpl 
DMEM/F12)  was  combined  with  the  diluted  DNA-Plus  mixture,  and  incubated  for  15  minutes  in 
room  temperature  to  allow  DNA-Plus-liposome  complexes  to  form.  While  complexes  were 
forming,  the  medium  was  replaced  with  SOOpl  of  GM  /  SM  without  antibiotics.  200p,l  of  the 
DNA-Plus-liposome  complexes  solution  was  added  to  this  medium  and  gently  mixed  into  it. 
Cells  were  ineubated  in  this  transfection  medium  for  3  hours  in  37°C  in  a  CO2  incubator,  before 
1  ml  of  full  GM  /  SM  was  added  to  the  plate.  Transient  transfections  were  checked  for 
fluoreseent  signal  at  24-96  hours.  Transfections  of  the  vectors  only  (pEBFP-Nl,  pEGFP-Nl  and 
pDsRedl-Nl)  served  as  controls  of  gene  expression  and  fluorescent  signal  deteetion  for  the 
transfeetions  with  GLUTl  constructs. 

For  immunocytochemistry,  cells  were  grown  on  glass  coverslips  and  fixed.  Cells  were 
permeabilized  with  0.1%  Triton  X-100  in  PBS.  Treatment  with  primary  antibody  in  0.1%  horse 
serum  in  PBS  was  performed  overnight  at  4°C.  Peptide-affinity  purified  mouse  polyelonal 
antibody  against  the  C-terminus  of  GLUTl  (10),  6  pg/ml,  were  used  as  primary  antibodies. 
FITC-conjugated  goat  anti-rabbit  antibody  and  Texas  Red  conjugated  rabbit  anti-mouse  antibody 
(diluted  1:100  with  0.1%  horse  serum  in  PBS)  were  used  as  secondary  antibodies.  Coverslips 
were  then  mounted  in  Pro  Long  anti-fade  medium  (Molecular  Probes,  Eugene,  OR)  on  glass 
slides  for  microscopic  examination. 

Fluorescent  signal  was  detected  using  OLYMPUS  iX-70  microscope.  Images  were 
captured  by  an  uncooled  color  CCD  camera  (Optronics,  DEI-750  CE  Digital  Output  Model 
S60675).  Exposure  was  adjusted  in  a  linear  manner  and  separate  colour  charuiels  were  merged  as 
indicated  using  Adobe  Photoshop  5.0. 
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RESULTS 


EBFP  gave  a  faint  blue  fluorescent  signal,  susceptible  to  photobleaching  and  requiring 
enhancement  (Fig  1  -  A,  D).  The  short  exposure  time  used  for  the  low  power  image  did  not 
reflect  strong  signal,  but  was  necessary  in  order  to  significantly  decrease  the  high  background 
fluorescence,  which  obscured  the  signal  of  the  transfected  cells.  EGFP  gave  a  bright  signal  with 
good  details,  without  any  need  for  enhancement  (Fig  1  -  B,  E).  EGFP  and  EBFP  showed 
consistent  fluorescent  signal  distribution  throughout  the  cell  with  exclusion  only  of  the  nucleoli 
(Figl-D,  E;  Fig  2 -A). 

DsRedl  gave  a  very  bright  signal  with  sharp  definition,  without  any  need  for 
enhancement,  but  its  intracellular  distribution  was  inconsistent  (Fig  1  -  C,  F;  Fig  2  -  B).  Native 
DsRedl  protein  did  not  show  the  typical  distribution  throughout  the  cell  with  exclusion  only  of 
the  nucleoli,  as  GFP  variants  did  (Fig  1  -  C;  Fig  2  -  B).  Some  cells  contained  red  vesicles,  while 
in  others  the  red  signal  was  distributed  evenly  throughout  the  cell.  DsRedl  did  not  co-localize 
with  EGFP  (Fig  2  -  C). 

Only  1-5%  of  cells  transiently  transfected  with  pGLUTl-EBFP  displayed  detectable  blue 
fluorescent  signal,  as  opposed  to  20-30%  of  the  cells  that  expressed  the  green  signal  of  GLUTl- 
EGFP.  This  does  not  imply  higher  transfection  efficiency,  but  rather  that  the  green  signal  is 
brighter  and  easily  detectable.  Maximal  expression  of  fluorescent  signal  was  at  48-72  hours  after 
transfection  for  both  the  blue  and  the  green  fusion  chimeras  (data  not  shown). 

The  blue  fluorescent  signal  of  EBFP  and  its  fusion  chimeras  in  living  CIT3  cells  was 
weak  compared  to  EGFP  green  fluorescent  signal,  and  required  enhancement  in  software 
(Figures  3).  The  C-terminus  fusion  of  EBFP  to  GLUTl  was  targeted  intracellularly,  but  different 
patterns  of  GLUTl  targeting  in  GM  or  SM  could  not  be  reliably  demonstrated.  The  weakness  of 
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the  blue  signal  also  exeluded  further  co-localization  studies  required  in  order  to  define 
subcellular  targeting  of  GLUTl-EBFP  and  to  follow  GLUTl  subcellular  trafficking  under 
different  conditions. 

The  high  resolution  images  with  the  green  fluorescent  signal  of  EGFP  allowed 
demonstration  of  the  change  in  GLUTl  targeting  from  plasma  membrane  pattern  in  GM  to 
intracellular  perinuclear  distribution,  with  punctate  pattern  scattered  through  the  cytoplasm  in 
SM  (Fig  4  -  A,D).  This  pattern  is  consistent  with  Golgi  distribution.  The  green  fluorescent  signal 
of  GLUTl -EGFP  co-localized  with  the  red  signal  of  native  GLUTl  (Fig  5  -  A,B,C), 
demonstrating  that  the  GFP  moiety  did  not  alter  GLUTl  targeting. 

GLUTl-DsRedl  did  not  demonstrate  a  consistent  pattern  in  all  cells.  Although  some  cells 
showed  red  fluorescent  patterns  consistent  with  the  expected  distribution  in  SM,  many  others 
contained  the  same  large  red  intracellular  vesicles,  seen  also  in  part  of  the  cells  transfected  with 
native  DsRedl.  None  demonstrated  the  expected  plasma  membrane  pattern  in  GM  (Fig  4  -  B,  E). 
GLUTl-DsRedl  red  signal  did  not  co-localize  with  GLUTl-EGFP  chimera  (Fig  5  -  C,  F),  nor 
did  it  co-localize  with  native  GLUTl  (Fig  5  -  D,E,F). 
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DISCUSSION 


The  purpose  of  this  study  was  to  assess  the  usefulness  of  blue,  green  and  red  fluorescent 
protein  chimeras  to  study  GLUTl  intracellular  targeting  in  mammary  epithelial  cells,  under 
different  conditions  mimicking  the  change  from  quiescent  state  to  lactation. 

Blue  fluorescent  protein  was  the  obvious  choice  initially,  since  most  of  the  available 
fluorescent  dyes  for  co-localization  studies  are  in  red  or  green  that  will  not  overlap  the  blue 
signal  of  GLUTl.  The  new  EBFP  variant  (30)  reportedly  exhibits  improved  fluorescence  with 
higher  level  of  expression  in  mammalian  cdlls.  This  could  not  be  demonstrated  in  our  studies. 
Not  only  GLUTl -EBFP  chimeras  (Fig  3),  but  also  EBFP  alone  (Fig.l  -  A,  D)  gave  a  faint  blue 
fluorescent  signal  susceptible  to  photob leaching.  EBFP  and  GLUTl -EBFP  chimeras  did  exhibit 
the  expected  biological  targeting.  EBFP  alone  showed,  as  expected  for  GFP  variants  (7),  that  the 
fluorescent  signal  was  distributed  throughout  the  cell  with  exclusion  only  of  the  nucleoli  (Fig  1  - 
D).  Blue  fluorescent  protein  chimeras  of  GLUTl  showed  intracellular  targeting,  but  were  of 
limited  practical  use,  because  the  signal  to  noise  ratio  was  so  low,  that  it  could  not  have  been 
fully  studied  even  after  enhancement.  Also,  it  was  not  possible  to  identify  different  patterns  of 
GLUTl  distribution.  No  plasma  membrane  signal  was  visible  in  GM,  and  the  intracellular  signal 
was  usually  recorded  only  when  the  cells  were  fully  differentiated,  thus  limiting  the  possibility  of 
studying  hormonal  regulation  of  GLUTl  intracellular  targeting,  upon  exposure  to  prolactin  in 
SM. 

Comparison  of  EGFP  and  EBFP  signals  (Fig  1  -  A,  B,  D,  E),  as  well  as  GLUTl  chimeras 
with  EBFP  (Fig  3)  and  with  EGFP  (Fig  4  -  A,  D)  definitely  proved  the  advantages  of  EGFP, 
which  gave  a  bright  signal  with  sharp  definition,  without  any  need  for  enhancement.  The  weak 
blue  fluorescent  signal  of  EBFP-GLUTl  fusion  chimera  limits  its  usefulness  in  studies  of 
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trafficking  kinetics,  which  require  continuous  capturing  of  images  over  relatively  short  time 
courses.  Our  findings  using  EBFP,  in  comparison  to  EGFP,  support  previous  work  by  Patterson 
et  al.  (22),  who  studied  the  physical  properties  of  different  mutants  of  GFP.  Most  of  their  data  is 
in  comparison  to  wild  type  GFP,  but  can  still  be  useful  in  respect  to  our  results.  They  found  that 
EBFP  has  relatively  low  quantum  yield  (17%),  and  is  more  susceptible  to  photobleaching 
(twofold  faster  compared  to  other  variants)  when  excited  at  395-nm.  They  also  found  that 
EGFP’s  high  extinction  coefficient  (53  +  4  X  10^  M'’  cm’’)  makes  its  green  signal  very  bright 
when  excited  at  488-nm,  and  thus  very  useful  for  microscopic  studies.  The  decreased 
photostability  with  the  low  quantum  yield  make  EBFP  more  difficult  to  use  for  near-UV 
excitation  compared  to  other  green  GFP  variants.  They  suggested  a  role  for  it  as  a  second  label  in 
conjunction  with  green  GFP  mutant,  such  as  EGFP.  We  confirm  their  conclusions  in  a  practical 
context.  We  show  that  the  weak  blue  signal  of  EBFP  that  quickly  photobleaches  is  a  problem  for 
imaging,  especially  when  multiple  images  are  taken  in  kinetic  studies.  On  the  other  hand,  EGFP 
green  signal  is  strong,  and  thus  very  useful  for  microscopic  studies.  These  properties  limit  the 
usefulness  of  EBFP  protein  chimeras  for  intracellular  targeting  and  trafficking  studies  of 
GLUTl,  and  make  EGFP  the  better  choice  for  this  purpose.  Thus,  chimeras  of  GLUTl  and 
EGFP,  rather  than  EBFP,  will  be  used  for  further  co-localization  and  intracellular  trafficking 
studies,  under  different  conditions  mimicking  quiescent  and  lactating  states. 

EGFP  showed,  as  expected  (7),  that  the  fluorescent  signal  was  distributed  throughout  the 
cell  with  exclusion  only  of  the  nucleoli  (Fig  1  -  E;  2  -A).  GLUTl  intracellular  targeting  to  Golgi 
in  differentiated  mammary  epithelial  cells  under  hormonal  stimulation  was  demonstrated  using 
GLUTl -green  fluorescent  protein  chimeras.  Both  the  N-terminus  and  the  C-terminus  fusions  to 
GLUTl  were  targeted  from  their  plasma  membrane  distribution  in  GM,  to  a  Golgi  related 
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compartment  in  SM,  demonstrating  the  t5^ical  microscopic  perinuclear  distribution  with  a 
punctate  pattern  scattered  through  the  cytoplasm  (Fig  4  -  A,  D).  This  pattern  was  consistent  with 
the  distribution  of  native  GLUTl  (Fig  5  -  C).  Further  co-localization  studies  to  define  GLUTl 
intracellular  targeting  are  not  reported  here  (unpublished  data). 

Recently,  the  new  red  fluorescent  protein  (DsRedl)  was  described  (19).  As  opposed  to 
EBFP  and  EGFP,  which  are  variants  of  wild  t)^e  GFP  from  Aequorea  victoria,  DsRedl 
represents  a  new  group  of  fluorescent  proteins  originating  from  Discosoma  striata,  and  naturally 
emitting  in  the  red  wavelength  range.  Many  markers  of  intracellular  compartments  (Golgi, 
endoplasmic  reticulum  etc.)  became  available  recently  for  co-localization  studies  in  living  cells, 
but  were  all  attached  to  GFP  variants  (e.g.,  ECFP-Golgi,  EYFP-Golgi,  EYFP-ER  from  Clontech 
Laboratories  Inc.,  Palo  Alto,  CA),  which  overlap  the  emission  spectrum  we  use  already  to  detect 
our  GLUTl -EGFP  chimeras.  Thus,  the  possibility  of  creating  red  fluorescent  protein  chimeras  of 
GLUTl  was  attractive.  However  the  use  of  DsRedl  as  a  fluorescent  ‘tag’  to  other  proteins  was 
problematic.  The  advantage  of  GFP  and  its  variants  is  their  ability  to  serve  as  ‘fluorescent  tag’  to 
the  proteins  of  interest  attached  to  them,  in  living  cells,  without  changing  their  biological  activity 
or  localization  within  the  cell  (4,  7,  8,  17,  23).  The  native  DsRedl  protein  did  not  consistently 
show  the  typical  GFP  distribution  throughout  the  cell  with  exclusion  only  of  the  nucleoli  (7),  as 
do  native  GFP  and  its  variants  (Fig  1  -  F;  2  -  B  in  comparison  to  Fig  1  -  D,  E;  2  -  A).  GLUTl- 
DsRedl  chimera  did  not  show  the  expected  distribution  in  GM  or  SM  (Fig  4  -  B,  E), 
demonstrating  inconsistent  targeting  from  cell  to  cell.  It  did  not  co-localize  with  GLUTl-EGFP 
chimera  (Fig  4  -  C,  F)  or  native  GLUTl  (Fig  5  -  F).  Thus,  there  is  no  place  for  this  red 
fluorescent  protein  in  the  study  of  GLUTl  trafficking  in  mammary  epithelial  cells. 
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Our  results  raise  major  concerns  whether  DsRedl  can  be  used  at  all  for  protein  targeting 
and  trafficking  kinetic  studies.  Investigators  should  not  assume  that  DsRedl  chimeras  will 
demonstrate  appropriate  targeting. 
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LEGENDS 


Figures  1  -  CIT3  cells  expressing  EBFP,  EGFP  and  DsRedl  fluorescent  signals:  A,  B,  C  - 

Low  power  (lOx)  images.  D,  E,  F  -  High  power  (40x)  images.  A,  D  -  Blue  fluorescent  signal  of 
EBFP  at  1/60  and  Vi  sec.  respectively.  B,  E  -  Green  fluorescent  signal  of  EGFP  at  1/8  and  1/30 
sec.  respectively.  C,  F  -  Red  fluorescent  signal  of  DsRedl  at  1/15  and  1/4  sec.  respectively. 
Figure  2  -  CIT3  cell  expressing  EGFP  and  DsRedl:  Images  captured  48-60  hours  after  co¬ 
transfection  with  pEGFP  and  pDsRedl,  at  x  magnification.  A  -  Green  fluorescent  signal  of 
EGFP  at  sec.  B  -  Red  fluorescent  signal  of  DsRedl  at  sec.  C  -  Combined  image.  Areas  of 
colocalization  giving  rise  to  yellow  signal. 

Figure  3  -  CIT3  cells  expressing  EBFP  fusion  to  GLUTl:  High  power  (40x)  image  of  CIT3 
cells  expressing  EBFP  fusion  to  the  C-terminus  of  GLUTl  (GLUTl -EBFP).  The  blue 
fluorescent  signal  (B)  was  superimposed  on  the  phase  contrast  (A)  image  of  the  cells  to 
demonstrate  the  intracellular  distribution  of  GLUTl-  EBFP  chimera  (C),  which  is  otherwise  hard 
to  estimate  because  of  the  weak  signal. 

Figure  4:  CIT3  cells  expressing  EGFP  and  DsRedl  fusions  to  the  C-terminus  of  GLUTl: 

Images  captured  48-60  hours  after  co-transfection  with  pGLUTl-EGFP  and  pGLUTl -DsRedl, 
at  X  magnification.  A,  B,  C  -  Cells  maintained  in  GM.  D,  E,  F  -  Cells  exposed  to  SM  for  4 
days  before  capturing  the  fluorescent  signals.  A,  D  -  Green  fluorescent  signals  of  GLUTl -EGFP 
at  sec.  B,  E  -  Red  fluorescent  signals  of  GLUTl-DsRedl  at  sec.  C,  F  -  Combined  images. 
Areas  of  colocalization  giving  rise  to  yellow  signal. 

Figure  5:  Colocalization  of  GLUTl  green  and  red  fluorescent  protein  chimeras  with  native 
GLUTl.  CIT3  cells  transfected  with  GLUTl-EGFP  or  GLUTl-DsRedl  were  fixed  and  treated 
with  specific  anti-GLUTl  primary  antibody,  96  hours  after  exposure  to  SM,  and  48  hours  after 
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transfection.  Texas  Red  conjugated  red  antibody  and  FITC-conjugated  green  antibody  were  used 
as  secondary  antibodies,  respectively.  A  -  The  green  fluorescent  signal  of  GLUTl-EGFP,  B  - 
The  red  signal  of  native  GLUTl,  C  -  The  green  fluorescent  signal  of  GLUTl-EGFP  co-localized 
with  the  red  signal  of  native  GLUTl,  giving  rise  to  yellow  signal.  A,B,C  -  x  images  with 
exposure  time  sec.,  D  -  The  red  fluorescent  signal  of  GLUTl -DsRedl,  E  -  The  green  signal  of 
native  GLUTl,  F  -  The  red  fluorescent  signal  of  GLUTl -DsRedl  did  not  co-localize  with  the 
green  signal  of  native  GLUTl .  D,E,F-  x  images  with  exposure  time  sec. 
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ABSTRACT 
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Transfection  of  mammary  epithelial  cells  can  provide  important  insights  into  the 
molecular  biology  of  milk  secretion  and  breast  cancer.  Difficulties  transfecting  these  cells  have 
been  reported  previously.  We  compared  the  relative  transfection  efficiency  of  CaP04,  DEAE- 
Dextran,  cationic  polymers  and  cationic  liposomes.  CIT3  mouse  mammary  epithelial  cells  were 
transfected  with  green  or  blue  fluorescent  protein  expression  vectors.  Transfection  efficiency  was 
highest  for  cationic  liposomes  compared  to  all  other  transfection  methods  {p<0.05). 
Fluorescence  was  detected  in  31+4%  of  these  stably  transfected  colonies.  Cationic  liposome- 
mediated  stable  transfection  efficiently  yields  stably  transfected  mammary  epithelial  cells  with  a 
high  fi-equency  of  exogenous  gene  expression. 
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INTRODUCTION 


The  mammary  epithelial  cell  is  a  useful  model  of  secretory  processes  (4,  16),  and 
abnormalities  in  mammary  cell  differentiation  may  be  related  to  the  development  of  breast 
cancer  (12,  14,  15).  The  expression  of  exogenous  proteins  in  mammary  epithelial  cells  is  an 
important  method  in  studying  such  fundamental  questions  of  mammary  gland  biology. 

Transfection  introduces  foreign  DNA  into  eukaryotic  cells  in  order  to  study  regulation  of 
gene  expression,  protein  targeting,  protein  processing,  protein  function,  stmcture-function 
relationships  and  pathophysiology.  Efficiency  of  transient  and  stable  transfection  varies  widely 
as  a  function  of  different  cell  types,  cell  lines  and  promoters  (8,  9,  13).  The  majority  of  previous 
studies  in  mammary  epithelial  cells,  as  well  as  in  other  cell  types,  compared  transient 
transfection  efficiency,  using  measures  of  gene  expression,  such  as  P-galactosidase  (3,  5,  17), 
luciferase  (2,  3,  17),  chloramphenicol  acetyltransferase  activity  (19),  fluorescent  in  situ 
hybridization  (5)  or  GFP  transient  expression  (2).  Recently,  Bischof  et  al.  (2)  reported  successful 
transient  transfection  of  mouse  mammary  epithelial  cells,  but  acknowledged  long-recognized 
difficulties  encountered  in  the  transfection  of  this  cell  type.  In  their  report,  which  evaluated  a 
PEI/DNA  adenovirus  system,  the  usefulness  of  cationic  liposomes  was  demonstrated  by  using 
GFP  fluorescence  as  measure  of  gene  expression  in  transient  transfections. 

For  many  applications,  including  our  intended  studies  of  protein  targeting  in  mouse 
mammary  epithelial  cells,  stably  transfected  cells  are  advantageous.  By  using  stably  transfected 
cells,  a  population  with  a  homogenous,  appropriate,  steady-state  level  of  exogenous  gene 
expression  can  be  selected  for  study  (7).  Such  assessment  of  stable  transfection  efficiency  in 
mammary  epithelial  cells  was  described  previously  by  Basolo  et  al.  (1),  who  demonstrated  the 
highest  stable  transfection  efficiency  with  CaP04,  especially  when  combined  with  glycerol 
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shock.  However,  the  results  of  Basolo  et  al.  were  obtained  using  an  immortalized  cell  line,  MCF- 
10,  and  did  not  include  a  comparison  to  cationic  liposomes  or  cationic  polymers  transfection 
reagents,  which  became  more  widely  available  since  that  report.  Our  objective  was  to  determine 
the  most  efficient  chemical  method  for  stable  transfection  of  mouse  mammary  epithelial  cells 
with  the  transfection  reagents  available  today. 
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MATERIALS  AND  METHODS 


Cell  culture:  CIT3  cells  are  a  non-neoplastic  cell  line  derived  from  mouse  mammary  epithelial 
cells.  They  ^vere  selected  from  Comma-l-D  cells  for  their  ability  to  grow  well  on  filters,  form 
tight  junctions  and  exhibit  polarized  transport  (18).  CIT3  cells  were  provided  by  M.C.  Neville, 
Ph.D.,  University  of  Colorado  School  of  Medicine.  Cells  were  maintained  in  growth  medium 
(GM),  which  is  a  nutrient-defined  basal  medium  (DMEM/F12,  GibcoBRL,  Life  Technologies 
Inc.,  Rockville,  MD),  containing  10  pg/mL  insulin  (Sigma,  St.  Louis,  MO)  and  5  ng/mL  EGF 
(Epithelial  Growth  Factor,  GibcoBRL,  Life  Technologies  Inc.,  Rockville,  MD). 

Comparison  of  different  transfection  methods:  pEGFP-1  and  pEBFP-Cl  (Enhanced  Green 
and  Blue  Fluorescent  Protein  plasmid  vectors,  Clontech  Laboratories  Inc.,  Palo  Alto,  CA, 
#6086-1  and  #6070-1,  respectively)  have  a  neomycin  resistance  (Neo’^)  gene  for  geneticin 
selection  in  eukaryotic  cells.  pEBFP  has  the  human  CMV  immediate  early  promoter  for  high- 
level  expression  and  SV40  origin  of  replication.  A  2.6-kb  BamEtl  fragment  of  glucose 
transporter  cDNA  (10)  was  subcloned  into  the  MCS  (Multiple  Cloning  Site)  of  pEBFP-Cl  to 
create  a  vector  expressing  EBFP-  GLUTl  fusion  protein.  In  a  second  construct,  pCasproEGFP, 
provided  by  D.  Hadsell,  Ph.D.  (Baylor  College  of  Medicine,  Houston,  TX),  a  267-bp  Asp718I  / 
BamHl  fragment  of  mouse  p-casein  promoter,  was  subcloned  into  the  MCS  of  pEGFP-1.  Cells 
transfected  with  this  construct  were  also  treated  with  prolactin,  3  pg/mL. 

The  transfection  methods  employed  were; 

1.  Cationic  liposomes  (LipoFect Amine™  Reagent,  which  is  a  3:1  (w/w)  liposome  formulation 
of  the  polycationic  lipid  2,3-dioleyloxy-N-[2(spermine-carboxamido)ethyl]-N,N-dimethyl-l- 
propanaminiumtrifluoroacetate  (DOSPA)  and  the  neutral  lipid  dioleoyl 
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phosphatidylethanolamine  (DOPE),  GibcoBRL,  Life  Technologies  Inc.,  Rockville,  MD, 
#18324-012), 

2.  Cationic  polymers  (SuperFecC^  Reagent,  which  consists  of  activated-dendrimer  molecules 
that  have  a  defined  spherical  architecture,  with  branches  that  radiate  from  a  central  core  and 
terminate  at  charged  amino  groups,  Qiagen  Inc.,  Valencia,  CA,  #301305), 

3.  CaP04  (Mammalian  Transfection  Kit,  Stratagene,  La  Jolla,  CA,  #200285),  and 

4.  DEAE-Dextran  (Mammalian  Transfection  Kit,  Stratagene,  La  Jolla,  CA,  #200285). 
Transfection  of  2  pg  DNA  was  performed  in  35-mm  dishes  containing  5X10^  cells  per  plate. 
All  transfection  reagents  were  used  according  to  the  manufacturer’s  instmctions.  After  48h,  cells 
were  split  1:8.  Selective  medium  containing  0.5  mg/mL  geneticin  (GibcoBRL,  Life  Technologies 
Inc.,  Rockville,  MD)  was  added  24h  later.  0.5  mg/mL  geneticin  was  determined  as  the  optimal 
concentration  required  to  kill  80-90%  of  control  cells  within  4d  (data  not  shown).  Cells  were 
maintained  in  selective  media  containing  geneticin  until  the  colonies  were  counted  17d  after 
transfection.  This  time  interval  was  chosen,  based  on  previous  experiments  (data  not  shown), 
showing  new  colonies  forming  and  starting  to  express  fluorescence  up  to  14d  after  adding 
geneticin  to  the  medium.  Stable  transfection  efficiency  was  determined  by  the  number  of 
surviving  colonies  with  diameter  of  1-mm  or  greater  per  100-mm  plate.  Dishes  were 
photographed  using  a  Cohu  4910  uncooled  CCD  camera  and  quantitated  using  image  processing 
software  (Image  Tool,  UTHSCSA,  San  Antonio,  TX).  Statistical  analysis  was  by  one  way 
ANOVA  (SigmaStat,  version  2.03). 
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Measurement  of  the  frequency  of  exogenous  gene  expression  in  stable  colonies  transfected 
with  cationic  liposomes: 

For  this  purpose,  cells  were  transfected  with  pEGFP-Nl  (Clontech  Laboratories  Inc.,  Palo 
Alto,  CA,  #  6085-1).  This  vector  has  the  Neo"^  gene  for  geneticin  selection  and  the  human  CMV 
immediate  early  promoter. 

Transfection  of  2  pg  pEGFP-Nl  DNA,  diluted  in  100  pL  basal  serum-free  medium, 
DMEM/F12,  was  performed  in  35-mm  dishes  containing  5  X  10^  cells  per  plate  (60-80% 
confluent).  Cationic  liposomes  (LipoFectAmine™,  GibcoBRL,  Life  Technologies  Inc., 
Rockville,  MD,  #18324-012)  transfection  reagent  (20  pL  diluted  in  100  pL  DMEM/F12  per 
reaction)  was  combined  with  the  diluted  DNA  and  incubated  for  30min  in  room  temperature  to 
allow  DNA-liposome  complexes  to  form.  While  complexes  were  forming,  the  cells  were  rinsed 
once  with  DMEM/F12.  A  total  of  200  pL  of  the  DNA-liposome  complex  solution  was  mixed 
with  800  pL  of  GM  without  antibiotics  and  added  to  the  cells.  Cells  were  incubated  in  this 
transfection  medium  for  5h  in  37°C  in  a  CO2  incubator,  before  1  mL  of  full  GM  was  added  to 
each  plate.  Medium  was  replaced  after  24h.  After  48h,  cells  were  split  1:8.  Selective  medium 
containing  0.5mg/mL  geneticin  was  added  24h  later.  Cells  were  maintained  in  selective  media 
containing  geneticin  until  the  colonies  were  checked  17d  after  transfection.  EGFP  has  an 
excitation  maximum  of  488  nm  and  an  emission  maximum  of  507  nm.  Fluorescent  signal  was 
detected  using  an  OLYMPUS  iX-70  microscope.  Data  were  captured  by  an  imcooled  color  CCD 
camera  (Optronics,  DEI-750  CE  Digital  Output  Model  S60675).  The  total  number  of  colonies  > 
1-mm  in  diameter  and  the  number  of  these  colonies  expressing  GFP  were  counted. 
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RESULTS 


Comparison  of  different  transfection  methods: 

Transfection  efficiency  was  expressed  as  number  of  colonies  >  1-mm  in  diameter  per 
1 00-mm  plate.  Efficiency  did  not  differ  significantly  between  the  two  vectors  we  used  for  these 
experiments.  This  threshold  was  selected  because  colonies  of  this  size  can  consistently  be 
transferred  and  expanded  for  further  study.  Liposome-mediated  transfection  was  40-60%  more 
efficient  in  mouse  mammary  epithelial  cells  compared  to  all  other  transfection  methods  (p<0.05) 
(Figure  1).  Cationic  polymers  were  also  consistently  useful,  although  less  efficient.  CaP04  was 
not  consistent.  DEAE-Dextran  was  not  suitable  for  stable  transfection  of  mammary  epithelial 
cells,  yielding  no  colonies  at  all. 

The  mean  area  of  the  individual  colonies  was  similar  and  independent  of  the  transfection 
method  employed,  implying  that  cell  growth  is  independent  of  transfection  method  (Figure  2). 
This  finding  permits  the  use  of  number  of  colonies  as  a  comparison  measure  for  efficiency  in 
stable  transfections  done  by  different  methods. 

Direct  initial  toxicity  from  the  transfection  procedure  was  highest  for  cationic  liposomes 
and  cationic  polymers  and  lowest  for  CaP04  and  DEAE-Dextran.  This  was  estimated  based  on 
the  percentage  of  cell  detachment  within  24h  after  transfection  (approximately  40-50%  for 
cationic  liposomes,  35-40%  for  cationic  polymers,  10-20%  for  CaP04  and  only  0-10%  for 
DEAE-Dextran). 

Cost  per  transfection  (based  on  the  published  prices  of  the  different  kits  used),  and 
convenience  of  use  (based  on  our  assessment  using  the  different  kits,  according  to  the 
manufactirrers’  recommendations)  were  similar  for  all  methods. 
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Measurement  of  the  frequency  of  exogenous  gene  expression  in  stable  colonies  transfected 
with  cationic  liposomes: 

We  used  EGFP,  which  is  more  easily  detected  than  EBFP  (1 1),  to  measure  the  frequency 
of  exogenous  gene  expression  in  stable  colonies  transfected  with  cationic  liposomes.  For  this 
purpose,  cells  were  transfected  with  pEGFP-Nl.  This  vector  has  the  Neo*^  gene  for  geneticin 
selection  and  the  human  CMV  immediate  early  promoter,  which  we  expected  to  provide  a  higher 
level  of  expression  than  we  had  observed  with  the  p-casein  promoter. 

In  three  independent  stable  transfections,  31  +  4%  (mean  +  S.E.M.)  of  the  colonies 
emitted  green  fluorescent  signal  (Table  1).  Expression  levels  within  a  given  colony  were  similar, 
and  only  infrequent  cells  had  high  or  absent  expression  (Fig.  3  B).  GFP  had  the  expected 
subcellular  localization  (6)  throughout  the  cell,  with  exclusion  only  of  the  nucleoli  (Fig.  3  D). 
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DISCUSSION 


In  this  study  we  judged  transfection  efficiency  by  measure  of  stably  transfected  colonies, 
which  incorporated  the  Neo"^  (geneticin  resistance)  gene,  and  thus  became  resistant  to  the 
selective  medium.  The  majority  of  previous  studies  in  mammary  epithelial  cells,  as  well  as  in 
other  cell  types,  compared  transient  transfection  efficiency,  using  measures  of  gene  expression. 
The  number  of  stable  colonies  in  selective  medium  is  a  direct  measure  of  transfection  efficiency, 
and  is  unrelated  to  factors  that  may  influence  expression  of  the  exogenous  gene  of  interest. 
Stable  transfection  also  provides  an  important  tool  for  experiments  aimed  at  studying  a 
population  of  cells  with  a  imiform  and  appropriate  level  of  exogenous  gene  expression.  Only 
Basolo  et  al.  (1)  previously  described  this  approach  in  mammary  epithelial  cells.  Our  results  for 
stable  transfections,  demonstrating  highest  transfection  efficiency  in  mammary  epithelial  cells 
using  cationic  liposomes,  supersede  those  of  Basolo  et  al.  (1).  On  the  other  hand,  our  results 
complement  those  of  Bischof  et  al.  (2),  who  also  demonstrated  the  usefulness  of  cationic 
liposomes,  but  did  so  in  transient  transfections. 

The  large  number  of  stable  colonies  transfected  with  cationic  liposomes  together  with  the 
high  frequency  of  exogenous  gene  expression,  as  measured  by  EGFP  expression,  enable  easy 
passage  of  any  number  of  selected  stable  colonies  expressing  the  gene  of  interest  for  further 
study.  In  summary,  cationic  liposomes  provide  a  consistently  efficient,  cost-effective,  and 
convenient  method  for  stable  transfection  of  mammary  epithelial  cells.  The  ease  and  reliability 
with  which  stable  colonies  expressing  an  exogenous  gene  can  be  prepared  should  result  in  wider 
use  of  this  method  by  mammary  gland  biologists,  yielding  important  insights  into  milk  secretion 
and  breast  cancer. 
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Experiment 

Number  of  colonies  > 

Number  of  colonies 

Imm  per  100-mm  dish 

expressing  GFP 

1 

176 

42 

Percent  colonies 
expressing  GFP  (%) 
24 


2 


132 


41 


31 


3 


147 


54 


37 


Mean  +  S.E.M. 


152+13 


46  +  4 


31+4 


Table  1.  Level  of  gene  expression  in  stable  colonies  transfected  by  cationic  liposomes,  based 
on  the  percent  of  colonies  expressing  GFP.  Transfection  of  pEGFP-Nl  DNA  using  cationic 
liposomes  (LipoFectAmine'^^)  transfection  reagent  was  used  as  described  in  text.  The  total 
number  of  colonies  >  1mm  in  diameter  per  100-mm  plate,  and  the  number  of  these  colonies 
expressing  GFP,  were  counted  17d  after  transfection. 
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Figure  1.  Transfection  efficiency  expressed  as  number  of  colonies  >  1-mm  in  diameter  per 
100-mm  plate  as  counted  17  days  after  transfection.  Liposome-mediated  transfection  was 
consistently  the  most  efficient  compared  to  other  methods  (p<0.05,  one  way  ANOVA).  DEAE- 
Dextran  yielded  no  colonies  in  any  experiment.  In  experiment  1,  transfection  of  pEBFP-GLUTl 
with  CaP04  yielded  no  colonies. 
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Figure  2.  The  area  of  the  individual  colonies  was  similar  and  independent  of  the 
transfection  method  employed:  The  mean  area  of  the  colonies  counted  on  day  17  post- 
transfection  (Fig.  1)  is  shown.  Error  bars  indicate  standard  errors  of  the  mean.  Statistical  analysis 
was  by  one  way  ANOVA.  There  was  no  statistically  significant  difference  between  the  areas  of 
the  colonies  under  different  transfection  methods.  In  experiment  1,  transfection  of  pEBFP- 
GLUTl  with  CaP04  yielded  no  colonies. 
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Figure  3.  Stable  colonies  transfected  by  cationic  liposomes  expressing  GFP.  Transfection  of 
2  pg  pEGFP-Nl  DNA  was  performed  in  35-inm  dishes  containing  5  X  10^  cells  per  plate. 
Cationic  liposomes  (LipoFect Amine)  transfection  reagent  was  used  as  described  in  text. 
Fluorescent  signal  data  were  captured  by  an  uncooled  color  CCD  camera,  and  enhanced  in  a 
linear  manner  using  Adobe  Photoshop  5.0.  Green  fluorescent  signal  is  demonstrated  on  black- 
white  scale,  white  being  the  strongest  green  signal.  A  -  Low  power  magnification  (100X)(Bar, 
60pni).  B  -  High  power  magnification  (600X)(Bar,  10pm).  A,  C  -  Phase  contrast.  B,  D  -  Green 
fluorescent  signal.  The  low  power  magnification  (B)  shows  most  cells  within  a  narrow  range  of 
green  fluorescent  signal;  few  cells  show  high  or  absent  expression.  The  high  power 
magnification  (D)  shows,  as  expected  (6),  that  GFP  is  distributed  throughout  the  cell  with 
exclusion  only  of  the  nucleoli. 
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ABSTRACT 


The  mammary  gland  is  unique  in  its  requirement  for  transport  of  free  glucose  into  the 
Golgi,  the  site  of  lactose  synthesis.  GLUTl  is  the  only  known  isoform  of  glucose 
transporter  expressed  in  the  mammary  gland.  Lactogenic  hormones  cause  targeting  of 
GLUTl  to  the  Golgi.  Mechanisms  of  intracellular  targeting  of  GLUTl  are  not  known. 
Hypothesis:  GLUTl  intracellular  targeting  under  hormonal  stimulation  is  dynamic. 
Methods:  To  construct  fusion  proteins  of  GLUTl  and  green  fluorescent  protein  (GFP), 
cDNA  was  subcloned  into  pEGFP-Cl  and  pEGFP-Nl  (Clontech).  GFP-GLUTl  fusion 
proteins  were  expressed  in  CIT3  mouse  mammary  epithelial  cells  (M.C.  Neville, 
University  of  Colorado)  using  liposome-mediated  transfection.  Cells  were  maintained  in 
growth  medium,  or  exposed  to  prolactin  at  different  concentrations  and  for  different 
times.  To  further  define  the  intracellular  trafficking  mechanisms  involved  in  GLUTl 
targeting  and  recycling  in  mammary  epithelial  cells,  cells  were  also  exposed  to  inhibitors, 
which  affect  GLUTl  and  GLUT4  targeting  in  muscle  and  fat  cells,  including  bafilomycin 
Al,  wortmannin  and  staurosporine.  Cells  were  studied  at  37°C.  Time  lapse  fluorescent 
images  were  captured  by  an  uncooled  CCD  camera. 

Results:  In  growth  medium,  the  N-  and  the  C-terminal  fusions  of  GFP  and  GLUTl 
demonstrated  plasma  membrane  targeting.  Prolactin  changed  subcellular  targeting  of  both 
fusion  proteins  to  an  intracellular  punctate  pattern,  as  seen  with  native  GLUTl.  Time 
lapse  images  revealed  dynamic  trafficking  of  GFP-GLUTl  fusion  proteins.  Upon 
exposure  to  prolactin,  GLUTl  fusion  proteins  were  redistributed  intracellularly,  starting 
after  approximately  50-60  minutes,  with  maximal  intracellular  targeting  within  90-110 
minutes.  Wlaen  the  cells  were  returned  to  GM,  most  of  the  changes  were  reversible. 


Bafilomycin  Al,  which  causes  arrest  of  endosomal  acidification,  caused  central 
coalescence  of  GFP-GLUTl  and  the  loss  of  peripheral  vesieles.  Wortmannin  and 
staurosporine  effects  on  internalization  of  GLUTl  were  not  specific  to  mammary 
epithelial  cells  or  prolactin  exposure,  but  supported  basal  recycling  of  GLUTl. 
Conclusions:  Our  results  demonstrate  a  basal  constitutive  GLUTl  membrane-recycling 
pathway  between  an  intracellular  pool  and  the  cell  surface  in  mouse  mammary  epithelial 
cells,  which  targets  most  of  the  GLUTl  to  the  plasma  membrane  in  maintenance 
medium.  Upon  exposure  to  prolactin  GLUTl  is  specifically  targeted  intracellularly.  This 
change  takes  place  within  hours,  and  may  support  glucose  transport  as  a  rate-limiting  step 
for  lactose  synthesis  during  lactation.  Arrest  of  endosomal  acidification  by  bafilomycin 
Al  disrupts  this  process,  which  implies  trafficking  via  endosomal  pathways. 


INTRODUCTION 


Lactose  is  the  major  osmotic  constituent  of  human  milk  and  thus  the  major 
determinant  of  the  volume  of  milk  produced.  The  mammary  gland  is  unique  in  its 
requirement  for  transport  of  free  glucose  into  the  Golgi,  which  is  the  site  of  lactose 
synthesis  (Strous,  1986).  GLUTl  is  the  only  known  isofonn  of  glucose  transporters 
expressed  in  the  mammary  gland  (Bumol  et  al.,  1990;  Camps  et  al.,  1994;  Sherman, 
1998).  In  most  cells  GLUTl  is  localized  to  the  plasma  membrane  and  is  responsible  for 
basal  glucose  uptake.  Evidence  from  in  vivo  and  in  vitro  smdies  demonstrates  unique 
hormonally  regulated  subcellular  targeting  of  GLUTl  to  Golgi  as  well  as  plasma 
membrane  in  mouse  mammary  epithelial  cells  (Madon  et  al.,  1990;  Nemeth  et  al.,  2000; 
Takata  et  al.,  1997). 

The  aim  of  this  work  was  to  study  the  effects  of  lactogenic  hormones,  namely 
prolactin,  on  the  subcellular  targeting  of  GLUTl  from  the  basolateral  membrane 
intracellularly.  Our  hypothesis,  based  on  our  prior  work  (Nemeth  et  al.,  2000),  was  that 
GLUTl  targeting  under  hormonal  stimulation  is  a  dynamic  process,  which  takes  place 
within  minutes  to  hours  and  is  reversible.  In  an  effort  to  further  define  the  intracellular 
trafficking  mechanisms  involved  in  GLUTl  targeting  and  recycling  in  mammary 
epithelial  cells,  agents  which  affect  GLUTl  and  GLUT4  targeting  in  muscle  and  fat  cells 


were  used. 


MATERIALS  AND  METHODS 


Subdoning  GLUTl  cDNA  into  Green  Fluorescent  Protein  (GFP)  plasmid  vectors: 

pEGFP-Cl  and  pEGFP-Nl  green  fluorescent  protein  plasmid  vectors  (#6084-1 
and  #6085-1,  respectively,  Clontech  Laboratories  Inc.,  Palo  Alto,  CA)  were  used. 

GLUTl  cDNA  (Mueckler  et  al.,  1985)  was  recovered  from  pHepG2  using  Bam 
HI  restriction  digest  or  PCR.  The  primers  for  the  PCR  reaction  were  designed  to  include 
Hind  ni  and  Bam  HI  restriction  sites  at  the  N-  and  C-terminus  of  GLUTl  cDNA, 
respectively.  Restriction  digest  of  the  insert  and  the  plasmid  vector  multiple  cloning  site 
with  these  enzymes  followed  by  ligation  allowed  GLUTl  cDNA  to  be  subcloned  in  the 
right  orientation.  GLUTl  cDNA  was  subcloned  into  pEGFP-Cl  and  pEGFP-Nl 
respectively,  to  create  N-  and  C-terminus  fusion  of  GLUTl  to  green  fluorescent  protein. 
The  N-terminus  fusion  of  GLUTl  to  EGFP  was  also  constructed  without  PCR, 
subcloning  GLUTl  cDNA,  recovered  by  Bam  HI  restriction  digest,  into  Bam  HI  site  of 
pEGFP-Cl.  This  could  not  be  done  for  the  C-terminus  fusion  of  GLUTl  cDNA  due  to  an 
intervening  stop  codon.  All  the  recombinant  vectors  were  sequenced  to  verify  the  right 
orientation  and  exclude  mutations. 

Cell  culture  and  medium: 

CIT3  cells  were  provided  by  M.C.  Neville,  PhD.,  University  of  Colorado  School 
of  Medicine.  Cells  were  maintained  in  growth  medium  (GM),  which  is  a  nutrient-defined 
basal  medium  (DMEM/F12),  containing  lOpg/ml  insulin  and  5ng/ml  EGF.  To  stimulate 
differentiation  by  lactogenic  hormones,  the  media  was  changed  to  secretion  medium 
(SM),  by  adding  prolactin  3pg/ml  and  hydrocortisone  3pg/ml,  and  withdrawing  EGF. 


The  routine  exposure  to  SM  was  96  hours  prior  to  evaluating  changes  in  GLUTl 
subcellular  targeting. 

Transfection: 

Transient  transfections  were  used  to  introduce  the  recombinant  vectors  carrying 
GFP  fusion  to  GLUTl  into  the  cells.  Liposome-mediated  transfection  using 
LipoFectAmine  Plus  Reagent  (#10964013,  GibcoBRL,  Life  Technologies  Inc., 
Rockville,  MD)  was  performed  in  35-mm  dishes,  containing  5X10^  cells  per  plate  (60- 
80%  confluent).  Ipg  DNA  was  diluted  in  basal  serum-free  medium,  DMEM/F12,  and  6pl 
of  premixed  Plus  reagent  was  added  to  give  final  volume  of  lOOpl.  The  mixture  was 
incubated  at  room  temperature  for  15  minutes  to  allow  DNA-Plus  complexes  to  form. 
Cationic  liposomes  (LipoFectAmine)  transfection  reagent  (4pl  diluted  in  lOOpl 
DMEM/F12)  was  combined  with  the  diluted  DNA-Plus  mixture,  and  incubated  for  15 
minutes  in  room  temperature  to  allow  DNA-Plus-liposome  complexes  to  form.  While 
complexes  were  forming,  the  medium  was  replaced  with  800pl  of  GM  /  SM  without 
antibiotics.  200pl  of  the  DNA-Plus-liposome  complexes  solution  was  added  to  this 
medium  and  gently  mixed  into  it.  Cells  were  incubated  in  this  transfection  medium  for  3 
hours  in  37°C  in  a  CO2  incubator,  before  1  ml  of  full  GM  /  SM  was  added  to  the  plate. 
Transient  transfections  were  checked  for  fluorescent  signal  at  48-72  hours,  when 
maximal  expression  of  the  fluorescent  signal  was  noted  in  20-30%  of  the  cells,  based  on 
previous  experiments  (data  not  shown). 

Immunocytochemistry: 

For  immunocytochemistry,  cells  were  grown  on  glass  coverslips  and  fixed.  Cells 
were  permeabilized  with  0.1%  Triton  X-100  in  PBS.  Treatment  with  primary  antibody  in 


0.1%  horse  serum  in  PBS  was  performed  overnight  at  4°C.  Peptide-affinity  purified 
mouse  polyclonal  antibody  against  the  C-terminus  of  GLUTl  (Gould  et  ah,  1989),  6 
pg/ml,  were  used  as  primary  antibodies.  FITC-conjugated  goat  anti-rabbit  antibody  and 
Texas  Red  conjugated  rabbit  anti-mouse  antibody  (diluted  1:100  with  0.1%  horse  serum 
in  PBS)  were  used  as  secondary  antibodies.  Coverslips  were  then  mounted  in  Pro  Long 
anti-fade  medium  (Molecular  Probes,  Eugene,  OR)  on  glass  slides  for  microscopic 
examination. 

Fluorescent  microscopy: 

Fluorescent  signal  was  detected  using  OLYMPUS  iX-70  microscope.  Images 
were  captured  by  an  uncooled  color  CCD  camera  (Optronics,  DEI-750  CE  Digital  Output 
Model  S60675).  Exposure  was  adjusted  in  a  linear  manner  and  separate  colour  channels 
were  merged  as  indicated  using  Adobe  Photoshop  5.0.  For  the  study  of  changes  taking 
place  in  cells  over  time  and  under  different  conditions,  cells  were  grown  on  round 
coverslips,  and  were  maintained  in  a  37°C  chamber  ().  Time-lapse  images  were  captured 
every  2-5  minutes  (depending  on  the  rate  of  changes)  using  Snappy  software  ().  After 
linear  adjustments  of  the  images  in  Photoshop  5.0,  as  described  above,  the  time-lapse 
images  were  combined  into  a  sequence  using  Flash  4.0  software.  Each  condition  was 
studied  at  least  3  times  and  results  were  consistent  in  all  cases.  Representative  results  are 
shown. 

Hormones  and  inhibitors: 

Cells  transfected  with  GLUTl-EGFP  and  kept  in  GM  were  exposed  to  SM.  Time 
lapse  images  of  the  changes  taking  place  in  GLUTl-EGFP  fluorescent  signal  subcellular 
targeting  were  recorded.  Cells  in  GM  were  afterwards  exposed  to  secretion  medium 


without  hydrocortisone,  containing  different  concentrations  of  prolactin  (3pg/ml  as  in  full 
SM,  as  well  as  lower  concentrations  of  300,  30  and  3  ng/ml).  To  exclude  the  possibility 
of  a  hydrocortisone  effect,  cells  in  GM  were  exposed  to  secretion  medium  containing 
hydrocortisone  (3pg/ml,  as  in  full  SM),  but  no  prolactin.  Cells  kept  in  GM  or  exposed  to 
SM  for  96  hours  were  exposed  to  bafilomycin  A1  (SOOnM),  wortmannin  (IpM),  or 
staurosporine  (2pM).  Optimal  concentrations  of  the  inhibitors  were  determined  based  on 
the  range  of  concentrations  cited  in  other  studies  and  pre-testing  different  concentrations 
within  that  range.  Time  lapse  images  of  the  changes  taking  place  in  GLUTl-EGFP 
fluorescent  signal  subcellular  targeting  were  recorded. 


RESULTS 


GLUTl  fusion  chimeras  to  EGFP  exhibit  normal  GLUTl  targeting  in  vitro: 

GLUTl  cDNA  sequence  was  recovered  from  pHepG2  by  BamHl  restriction 
digest  or  PCR,  and  was  subcloned  into  pEGFP  to  create  N-  and  C-terminus  fusions.  The 
recombinant  plasmid  vectors  were  introduced  into  CIT3  cells  by  transient  liposome- 
mediated  transfection,  achieving  fluorescent  expression  in  20-30%  of  the  cells. 

EGFP  chimeras  to  GLUTl  demonstrate  change  in  subcellular  distribution  from 
the  basolateral  plasma  membrane,  when  maintained  GM,  into  the  cell,  after  96  hours 
exposure  to  SM  (Fig.  1).  Perinuclear  distribution  with  punctate  pattern  scattered  through 
the  cytoplasm  is  seen  in  SM.  Both  the  N-  and  C-terminus  fusions  to  GLUTl  (EGFP- 
GLUTl  and  GLUTl-EGFP,  respectively)  exhibit  the  same  targeting  patterns  (Fig.  1). 

Immunocytochemistry  studies  with  antibodies  against  the  C-terminus  of  native 
GLUTl  showed  that  the  fluorescent  signal  of  both  GLUTl  chimeras  to  GFP  co-localized 
with  native  GLUTl  (Fig.  2) 

GLUTl  intracellular  trafficking  in  SM  is  dynamic: 

Static  images  of  cells  at  different  levels  of  differentiation  in  SM  demonstrate  that 
dynamic  transport  systems  are  involved  in  the  trafficking  of  GFP-GLUTl  fusion  proteins 
(Fig.  3).  This  is  fully  demonstrated  when  living  CIT3  cells  transfected  with  GLUTl- 
EGFP  and  kept  in  SM  are  followed  by  time-lapse  imaging,  where  dynamic  trafficking  of 
GLUTl  fusion  proteins  can  be  seen  (Fig.  4,  also  available  as  movie). 

Prolactin  induces  GLUTl  intracellular  targeting  in  living  mammary  cells: 

Wlien  living  CIT3  cells,  transfected  with  GLUTl-EGFP  and  kept  in  GM,  are 
exposed  to  SM,  dynamic  trafficking  of  GLUTl  fusion  proteins  intracellularly  is 


demonstrated,  starting  after  approximately  50-60  minutes,  with  maximal  intracellular 
targeting  within  90-1 10  minutes.  When  the  cells  are  returned  to  GM,  most  of  the  changes 
are  reversible  within  1-2  hours,  although  not  fully,  with  redistribution  of  the  fluorescent 
GLUTl  chimera  mostly  in  the  plasma  membrane  (Fig.  5,  also  available  as  movie). 

Exposure  of  CIT3  cells  kept  in  GM  to  secretion  medium  containing  prolactin 
without  hydrocortisone  caused  the  same  changes  in  GLUTl  subcellular  targeting.  The 
same  response  was  reproduced  with  prolactin  concentrations  as  low  as  3  ng/ml 
(compared  to  the  3  pg/ml  of  prolactin  usually  used  in  SM)  (Fig.  6,  also  available  as  a 
movie).  We  were  not  able  to  demonstrate  dose-response  relations  with  the  different 
prolactin  concentrations,  possibly  because  the  results  are  qualitative,  rather  than 
quantitative.  There  was  no  difference  in  the  time  required  to  achieve  maximal  effect  with 
different  prolactin  concentrations. 

Secretion  medium  containing  hydrocortisone  (3  pg/ml  as  in  full  SM)  without  any 
prolactin  caused  no  change  in  GLUTl  subcellular  distribution  (Fig.  7,  also  available  as  a 
movie). 

Bafilomycin  A1  causes  central  coalescence  of  GLUTl-EGFP  with  loss  of  peripheral 
vesicles  in  SM: 

CIT3  transfected  with  GLUTl-EGFP  and  kept  in  SM  for  96  hours  show  central 
coalescence  of  GLUTl-EGFP  green  signal  with  the  loss  of  peripheral  vesicles  after 
treatment  with  bafilomycin  Al(Fig.  8-9,  also  available  as  movies).  The  effect  was  seen 
after  approximately  1  hour  and  was  not  reversible  upon  withdrawal  of  bafilomycin  Al. 

Wortmannin  causes  internalization  of  GLUTl  signal  in  GM: 


In  GM  wortmannin  causes  internalization  of  GLUTl-EGFP  plasma  membrane 
signal  (Fig.  10,  also  available  as  a  movie).  The  effect  was  seen  after  approximately  1-2 
hours.  No  reversibility  of  the  effect  could  be  demonstrated  upon  withdrawal  of  the 
wortmannin. 

Staurosporine  causes  internalization  of  GLUTl-EGFP  in  GM  and  central 
coalescence  of  its  vesicles  in  SM: 

In  GM  staurosporine  causes  internalization  of  GLUTl-EGFP  plasma  membrane 
signal  (Fig.  11,  also  available  as  a  movie).  This  set  of  time  lapse  images  also  suggests  a 
possible  intracellular  and  intercellular  network  which  constitutes  the  pathway  for 
internalization  of  the  GLUTl-EGFP  vesicles.  In  cells  exposed  to  SM  for  96  hours, 
staurosporine  causes  central  coalescence  of  GLUTl-EGFP  signal  and  loss  of  peripheral 
vesicles  signal  (Fig.  12,  also  available  as  a  movie). 


DISCUSSION 


A  primary  function  of  the  differentiated  mammary  epithelial  cell  is  the  synthesis 
of  lactose,  within  the  Golgi,  from  UDP-galactose  and  free  glucose.  The  final  step  in  the 
biosynthesis  of  lactose  is  eatalyzed  by  lactose  synthetase,  a  complex  of  a-lactalbumin 
and  the  Golgi  enzyme  pi,4-galactosyltransferase(Strous,  1986).  The  mammary  gland  is 
unique  in  its  requirement  for  transport  of  free  glucose  into  the  Golgi.  GLUTl,  the  only 
glucose  transporter  expressed  in  mammary  epithelial  cells(Bumol  et  al.,  1990;  Camps  et 
al.,  1994;  Shennan,  1998),  normally  resides  in  the  plasma  membrane.  Hormonally 
regulated  subcellular  targeting  of  GLUTl  may  have  an  important  role  for  lactose 
s3mthesis  in  the  Golgi  of  the  mammary  epithelial  cell  during  lactation.  Previously,  the 
role  of  GLUTl  in  glucose  transport  into  Golgi  of  rodents  has  been  controversial  (Camps 
et  al.,  1994;  Madon  et  al.,  1990;  Takata  et  al.,  1997).  However,  recently  published 
evidenee  demonstrates  unique  hormonally  regulated  subcellular  targeting  of  GLUTl 
from  the  plasma  membrane  to  Golgi  in  mouse  mammary  gland  during  lactation  (Nemeth 
et  al.,  2000).  The  aim  of  this  work  was  to  further  study  the  effects  of  lactogenic  hormones 
on  the  intracellular  trafficking  and  targeting  of  GLUTl.  The  need  to  study  in  vitro  a 
dynamic  process,  which  takes  place  within  hours  and  is  reversible,  required  a  system  of 
living  cells  with  labeling  of  GLUTl . 

Green  Fluorescent  Protein  (GFP)  is  a  reporter  molecule  for  monitoring  gene 
expression  and  protein  localization  in  vivo,  in  situ  and  in  real  time  (Chalfie  et  al.,  1994; 
Dobson  et  al.,  1996;  Drmota  et  al.,  1998;  Kain  et  al.,  1995;  Lippineott-Schwartz  et  al., 
1998;  Presley  et  al.,  1997a;  Tsien,  1998).  GFP  is  expressed  in  eukaryotic  cells  as  a  fusion 
protein  that  serves  as  a  “fluorescent  tag”.  The  use  of  fluorescent  fusion  proteins  of 


GLUTl  allows  the  study  of  the  same  cells  over  time,  permits  studies  of  exocytosis  and 
endocytosis,  and  not  just  steady  state  distributions.  It  also  permits  targeting  of  chimeric 
proteins  to  be  evaluated  in  an  antibody-independent  fashion,  and  confirms  that  we  are 
studying  GLUTl,  and  not  a  novel,  lactation-specific  Golgi  glucose  transporter  isoform 
that  shares  the  GLUTl  epitope. 

For  these  properties,  an  in  vitro  system  using  GFP  fusion  to  GLUTl  is  ideal  for 
studying  the  intracellular  trafficking  and  subcellular  targeting  of  GLUTl  in  mammary 
epithelial  cells  under  homional  stimulation.  This  system  can  test  the  hypothesis  that  this 
is  a  dynamic  process,  which  takes  place  within  hours  and  is  reversible. 

EGFP  (Enhanced  GFP)  carries  a  red-shifted  variant  of  wild-type  GFP,  which  has  been 
optimized  for  brighter  green  fluorescence  and  higher  expression  in  mammalian  cells.  It 
has  excitation  maximum  of  488  nm  and  emission  maximum  of  507  nm.  EGFP  contains 
two  amino  acid  substitutions  (Phe-64  to  Leu  and  Ser-65  to  Thr)  (Cormack  et  al.,  1996; 
Patterson  et  al.,  1997;  Yang  et  al.,  1998).  Its  usefulness  as  a  fluorescent  ‘tag’  in  dynamic 
intracellular  trafficking  and  tcirgeting  studies  was  reported  (Garcia-Mata  et  al.,  1999; 
Kaether  et  al.,  1997;  Kida  et  al.,  1999).  This  vector  has  the  human  CMV  immediate  early 
promoter  for  high  level  expression.  To  ensure  maximal  mammalian  expression,  the 
coding  regions  of  pEGFP  contain  more  than  190  silent  base  mutations,  which  correspond 
to  human  codon-usage  preferences  (Haas  et  al,  1996). 

CIT3  cells  are  a  non-neoplastic  cell  line  derived  from  mouse  mammary  epithelial 
cells  (after  being  selected  from  Comma-l-D  cells  for  their  ability  to  grow  well  on  filters, 
form  tight  junctions  and  exhibit  polarized  transport)  (Toddywalla  et  al,  1997). 


GLUTl  cDNA  sequence  (Mueckler  et  al.,  1985)  was  subcloned  into  pEGFP  and 
introduced  into  CIT3  cells  by  transient  transfection,  with  over-expression  of  the 
fluorescent  GLUTl  in  approximately  quarter  of  the  cells.  The  intracellular  targeting  of 
GLUTl-EGFP  chimera  was  consistent  from  cell  to  cell. 

Prolactin  in  SM  changes  subcellular  targeting  of  GFP  fusion  chimeras  to  GLUTl 
from  a  plasma  membrane  distribution  to  an  intracellular  perinuclear  punctate  pattern  (Fig. 
1).  The  fact  that  this  pattern  was  consistent  with  the  distribution  of  native  GLUTl  (Fig.2) 
support  the  use  of  GLUTl  chimeras  to  GFP  as  a  model  for  studying  GLUTl  intracellular 
targeting  in  mammary  epithelial  cells.  Since  the  behavior  and  intracellular  distribution  of 
both  the  N-  and  C-fusion  chimeras  of  GLUTl  to  GFP  were  consistently  the  same  (Fig.  1), 
further  studies  were  carried  out  with  only  one  of  them  (GLUTl-EGFP). 

Living  mouse  mammary  epithelial  cells  in  SM  demonstrate  dynamic  trafficking  of 
GLUTl  fusion  proteins  to  GFP,  especially  when  multiple  time-lapse  images  are  captured 
(Fig.  3,  compared  to  Fig.  4,  which  is  available  also  as  a  movie).  Carefully  following  these 
green  fluorescent  GLUTl  vesicles  excludes  random  movement,  and  actually  suggests 
that  the  dynamic  intracellular  targeting  of  GLUTl  may  be  mediated  through  altering 
GLUTl  exocytosis  and  endocytosis. 

When  CIT3  cells  kept  in  GM  were  exposed  to  SM,  the  changes  in  GLUTl 
targeting  from  mostly  plasma  membrane  pattern  to  intracellular  pattern  occurred  within 
60-120  minutes.  The  maximal  intracellular  translocation  of  GLUTl-EGFP  green 
fluorescent  signal  was  noted  at  100-110  minutes  after  exposure  to  the  lactogenic 
hormones  in  SM  (fig.  5,  also  available  as  a  movie).  Some  of  this  effect  was  reversible 
within  60-120  minutes  upon  withdrawal  of  SM,  and  replacement  in  GM.  We  were  not 


able  to  demonstrate  full  reversibility  of  the  process  in  this  in  vitro  system.  The  relatively 
quick  changes  in  GLUTl  targeting  in  living  mouse  mammary  epithelial  cells  exposed  to 
SM,  which  take  place  within  minutes  to  hours,  are  in  accordance  with  the  findings  from 
the  in  vivo  studies  of  forced  weaning,  demonstrating  reversible  changes  in  GLUTl 
subcellular  targeting  within  3-5  hours  (Nemeth  et  al.,  2000).  These  findings  are  also 
supported  by  the  previous  observation,  that  as  early  as  15  minutes  after  exposure  of 
mammary  tissue  fragments  from  lactating  rabbits  to  prolactin,  the  cell  morphology 
already  changed  with  marked  increase  in  the  relative  volume  occupied  by  the  Golgi 
region  (Ollivier-Bousquet,  1978).  This  dynamic  trafficking  of  GLUTl  under  the 
influence  of  lactogenic  hormones,  with  a  reversible  intracellular  targeting  of  GLUTl  to 
the  site  of  lactose  synthesis  in  the  Golgi  witlrin  a  relatively  short  time,  offers  another  level 
of  regulation  of  lactose  synthesis. 

The  next  step  was  to  define  which  of  the  hormones  in  SM  is  responsible  for 
GLUTl  intracellular  targeting.  Exposure  of  CIT3  cells  kept  in  GM  to  secretion  medium 
containing  prolactin  without  hydrocortisone  caused  the  same  changes  in  GLUTl 
subeellular  targeting.  The  same  response  was  reproduced  with  prolactin  concentrations  as 
low  as  3  ng/ml  (eompared  to  the  3  pg/ml  of  prolactin  usually  used  in  SM)  (Fig.  6,  also 
available  as  a  movie).  The  serum  concentration  range  of  prolactin  in  lactating  mothers  is 
20-300  ng/ml  (Rebar,  1999).  We  were  not  able  to  demonstrate  dose-response  effects  with 
the  different  prolactin  concentrations.  GLUTl-EGFP  intracellular  signal  translocation 
took  place  at  approximately  the  same  time  (100-120  minutes)  with  3  ng/ml  prolactin,  as  it 
did  with  3  pg/ml  of  prolactin  in  the  full  SM.  Possibly,  further  study  could  demonstrate 
dose-dependent  effect  of  prolactin,  expressed  as  different  levels  of  the  intracellular  green 


fluorescent  signal  of  GLUTl  chimeras.  This  requires  a  more  quantitative  recording  of 
the  signal,  which  was  beyond  the  scope  of  this  current  study.  Secretion  medium 
containing  hydrocortisone  without  any  prolactin  caused  no  change  in  GLUTl  subcellular 
distribution,  thus  excluding  its  hormonal  effect  as  the  other  possible  cause  for  GLUTl 
intracellular  targeting  in  SM  (Fig.  7,  also  available  as  a  movie). 

The  suggestion  that  GLUTl  does  not  solely  act  at  the  plasma  membrane,  but  may 
fmiction  in  an  intracellular  organelle  as  well,  conceptually  complements  the  well-known 
insulin-regulated  targeting  of  GLUT4,  and  to  a  lesser  extent  of  GLUTl,  to  their  site  of 
action,  the  plasma  membrane,  in  fat  and  muscle  cells.  The  existence  of  a  prolactin- 
induced,  cell  type-specific,  developmental  stage-specific  sorting  machinery  for  GLUTl 
in  mammary  epithelial  cells  may  also  support  glucose  transport  as  a  rate  limiting  step  for 
lactose  synthesis  in  the  Golgi  during  lactation.  The  ability  of  the  system  to  respond 
quickly  to  hormonal  changes  by  altering  the  transport,  and  thus  the  availability  of  free 
glucose  for  lactose  synthesis  in  the  Golgi,  is  also  complementary  to  this  well-known 
insulin-regulated  targeting  of  GLUT4  to  the  plasma  membrane  in  fat  and  muscle  cells, 
where  GLUT4  is  available  for  glucose  uptake  into  the  cell  within  minutes. 

Sharing  the  same  mechanisms  of  dynamic  regulation  by  subcellular  targeting 
raises  the  question,  whether  GLUTl  intracellular  trafficking  in  the  mammary  epithelial 
cells  may  involve  some  of  the  endocytic  and  exocytic  pathways  involved  in  GLUT4 
targeting  in  fat  and  muscle  cells.  Thus,  in  an  effort  to  further  define  the  intracellular 
trafficking  mechanisms  involved  in  GLUTl  targeting  and  recycling  in  mammary 
epithelial  cells,  agents  which  affect  GLUTl  and  GLUT4  targeting  in  muscle  and  fat  cells 
were  tested  in  our  system. 


Bafilomycin  A1  (C35H58O9)  is  an  antibiotic  that  originates  from  Streptomyces 
griseus.  It  is  a  specific  inhibitor  of  vacuolar  proton  pump  type  H^-ATPase  (V-ATPase)  in 
animal  cells  (Bowman  et  ah,  1988).  Thus,  bafilomycin  A1  causes  arrest  of  endosomal 
acidification.  It  also  inhibits  the  acidification  of  lysosomes  and  thus  inliibits  the 
degradation  of  proteins  in  lysosomes  (Yoshimori  et  ah,  1991).  Bafilomycin  A1  not  only 
slows  bulk  membrane  flow,  but  it  causes  additional  inhibition  of  receptor  recycling  in  a 
manner  that  is  dependent  on  a  peptide  internalization  motif  on  the  c)doplasmic  domain 
(Presley  et  ah,  1997b).  It  was  demonstrated  that  the  removal  of  transferrin  from  sorting 
endosomes  and  accumulation  in  the  peri-centriolar  endocytic  recycling  compartment 
occurs  in  bafilomycin  A1  treated  cells,  but  the  rate  constant  for  transferrin  receptors  exit 
from  the  recycling  endosomes  was  retarded.  In  fat  and  muscle  cells,  GLUT4,  and  to  a 
lesser  extent  GLUTl  is  constitutively  sequestered  in  the  endosomal  tubulovesicular 
system,  and  moves  to  the  cell  surface  in  response  to  insulin.  In  muscle  cells  arrest  of 
endosomal  acidification  by  bafilomycin  A1  results  in  rapid  dose-dependent  translocation 
of  GLUT4  from  the  cell  interior  to  the  plasma  membrane  surface,  mimicking  insulin 
effect.  This  insulin-like  effect  of  bafilomycin  A1  causes  redistribution  of  GLUTl  and 
Rab4,  a  regulatory  component  of  the  secretory  and  endocytic  system,  as  well  (Chinni  and 
Shisheva,  1999).  The  mechanism  by  which  arrest  of  endosomal  acidification  by 
bafilomycin  A1  causes  translocation  of  GLUT4  and  GLUTl  is  distal  to  the  insulin 
receptor  and  phosphatidylinositol  3-kinase  activation.  It  suggests  an  important  role  for 
endosomal  pH  in  membrane  dynamics  and  in  the  hormonally  regulated  intracellular 
sorting  machinery  of  glucose  transporters.  Some  of  the  studies  done  with  bafilomycin  A1 
(Chirmi  and  Shisheva,  1999;  Yoshimori  et  ah,  1991)  also  used  acridine  orange,  which  is 


an  acidotrophic  dye.  This  is  readily  taken  by  living  cells  and  accumulates  in  intracellular 
acidified  compartments  (endosomes  /  lysosomes),  giving  rise  to  orange  fluorescent 
signal,  which  disappears  when  these  structures  are  alkalinized  (Harada  et  al,  1997). 
Acridine  orange  was  useless  for  our  studies  of  time-lapse  imaging  due  to  a  quick 
photosensitive  changes  in  its  pattern.  Upon  exposure  to  light,  especially  in  the  range  used 
to  detect  green  and  red  fluorescent  signal,  there  is  photo-oxidative  disruption  of  the 
endosomal  /  lysosomal  membranes  (Brunk  et  ah,  1997),  which  causes  shift  of  the  orange 
signal  of  acridine  orange  from  these  compartments  into  the  nucleus,  where  it  emits  green 
fluorescent  signal,  due  to  photoenhancement  phenomenon  (De  and  Bhanja,  1976), 
obscuring  the  GLUTl-EGFP  green  intracellular  signal.  In  CIT3  kept  in  SM  hafilomycin 
Al  caused  central  coalescence  of  GFP-GLUTl  and  the  loss  of  peripheral  vesicles  (Fig.  8- 
9,  also  available  as  movies).  The  effect  was  not  reversible  upon  withdrawal  of 
bafilomycin  Al.  We  conclude  that  in  living  mouse  mammary  epithelial  cells,  prolactin 
causes  intracellular  targeting  of  GLUTl  by  altering  rates  of  GLUTl  exocytosis  and 
endocytosis.  Arrest  of  endosomal  acidification  by  bafilomycin  Al  disrupts  this  recycling 
process  via  endosomal  compartments.  The  importance  of  endosomal  pH  to  the  prolactin- 
induced  hormonally  regulated  sorting  of  GLUTl  in  mammary  epithelial  cells,  thus  shares 
characteristics  with  GLUT4  and  GLUTl  insulin-dependent  intracellular  redistribution  in 
adipocytes.  Further  work  can  be  done  to  delineate  the  membrane  organization  of  GLUTl 
recycling  pathways  in  mammary  epithelial  cells,  and  define  endosomal  subpopulations 
involved  in  this  process.  Co-localization  studies  using  Rab  proteins  (e.g.  Rab4,  Rab5  and 
Rabl  1)  involved  in  the  regulation  of  the  transport  machinery  through  distinct  domains  on 
the  endosomes  can  be  of  value  (Soimichsen  et  al.,  2000). 


Wortmannin  (C23H24O8)  is  an  antifungal  antibiotic  that  originates  from 
Penicillium  fumiculosum.  It  is  a  highly  specific  inhibitor  of  phosphatidylinositol  3-kinase 
(PI3K),  which  is  highly  cell  permeable.  PI3K  is  necessary  for  insulin-stimulated  glucose 
transport  in  myoblasts  and  adipocytes.  In  the  presence  of  wortmannin  GLUTl  and 
GLUT4  insulin-stimulated  translocation  to  plasma  membrane  was  inhibited  (Clarke  et  al., 
1994;  Evans  et  al.,  1995;  Hausdorff  et  al.,  1999;  Kaliman  et  al.,  1995;  Wang  et  al.,  1999). 
Interestingly,  wortmannin  also  blocks  a  constitutive  basal  GLUTl  trafficking  pathway  in 
muscle  cells,  that  involves  PI3K  but  is  independent  of  insulin.  The  result  is  that  GLUTl 
is  sequestered  in  a  perinuclear  compartment  (Kaliman  et  al.,  1995;  McDowell  et  al., 
1997).  This  seems  to  be  a  more  ubiquitous  pathway  used  by  other  cell  types  for  basal 
glucose  uptake  by  GLUTl,  as  shown  in  fibroblasts  (Jess  et  al.,  1996;  Young  et  al.,  1995). 
GLUTl  protein  appears  to  recycle  between  an  intracellular  site  and  the  plasma 
membrane,  as  does  the  well-studied  transferrin  receptor  protein.  PI3K  seems  to  have  an 
important  functional  role  in  this  recycling,  regulating  membrane  protein  traffic.  By 
inhibition  of  PI3K,  wortmannin  causes  selective  blockade  of  this  protein  recycling  with 
accumulation  of  glucose  transporters  in  intracellular  location  in  fibroblasts  (Jess  et  al., 
1996).  In  CIT3  mouse  mammary  epithelial  cells,  wortmannin  causes  internalization  of 
GFP-GLUTl  plasma  membrane  signal  in  GM  (Fig.  10,  also  available  as  a  movie).  We 
were  not  able  to  demonstrate  reversibility  of  the  effect  upon  withdrawal  of  the 
wortmannin.  No  visible  effect  was  seen  in  SM.  The  effects  of  wortmannin  on  GLUTl  in 
living  mouse  mammary  epithelial  cells  are  thus  independent  of  prolactin,  and  seem  to  be 
related  to  bloekade  of  the  constitutive  basal  GLUTl  trafficking  pathway,  described 
above.  These  findings  also  further  support  the  role  of  recycling  of  GLUTl  by  exocytosis 


and  endocytosis.  Study  of  the  effects  of  wortmannin  on  the  endosomal  system  and 
GLUT4  recycling  compartments  in  adipocytes  (Malide  and  Cushman,  1997)  supports  the 
role  of  endosomal  derived  vacuoles  and  endosomal  recycling  compartments,  sensitive  to 
wortmannin,  for  this  process.  The  effect  of  wortmannin  on  decreasing  prolactin-induced 
lactose  synthesis  (Hang  and  Rillema,  1998)  was  related  to  inhibition  of  PI3K  upstream  in 
the  prolactin  signaling  pathway  for  p70  ribosomal  S6  kinase  (P70^^'^),  and  was  seen  in 
the  time  range  of  12-19  hours.  The  lack  of  effect  of  wortmannin  on  GLUTl  targeting  in 
SM  seen  by  us,  implies  that  PI3K  is  not  involved  in  the  pathways  controlling  the 
relatively  quick  prolactin-induced  GLUTl  change  in  intracellular  targeting,  which  we 
demonstrated.  In  fibroblasts  PI3K,  but  not  P70^^^,  was  shown  to  be  involved  in  GLUTl 
protein  membrane  recycling  (Jess  et  al.,  1996),  further  supporting  our  findings  of 
wortmannin  effects  in  GM,  but  not  in  SM.  The  effect  of  wortmannin  in  GM  is  related  to 
PI3K  role  only  in  basal  membrane  protein  trafficking,  which  is  not  hormonally  regulated 
by  prolactin. 

Staurosporine  (C28H26  N4O3)  is  an  antibiotic  that  originates  from  Streptomyces 
species.  It  is  a  potent  inhibitor  of  protein  kinase  C  (PKC).  In  fat  and  muscle  cells  insulin 
increases  glucose  uptake  via  a  PKC-dependent  pathway.  Staurosporine  inhibits  GLUTl 
and  GLUT4  trafficking  to  plasma  membrane  in  adipocytes  (Nishimura  and  Simpson, 
1994).  PKC  is  involved  in  insulin  signaling  in  other  cell  types  as  well,  i.e.  fibroblasts 
(Cooper  et  al.,  1999),  resulting  in  GLUTl  recruitment  to  plasma  membrane.  But  PKC  is 
also  involved  in  translocation  of  GLUT3  to  plasma  membrane  in  activated  platelets  in 
response  to  thrombin  (Sorbara  et  al.,  1997),  suggesting  a  common  PKC  activation- 
mediated  signalling  pathway  for  recruitment  of  glucose  transporters  to  the  cell  surface  to 


increase  glucose  uptake  (McCoy  et  al.,  1997).  In  CIT3  mouse  mammary  epithelial  cells  in 
GM  staurosporine  causes  internalization  of  GFP-GLUTl  plasma  membrane  signal  (Fig. 
11,  also  available  as  a  movie).  In  SM,  it  causes  central  coalescence  of  GFP-GLUTl  and 
loss  of  peripheral  vesicles  (Fig.  12,  also  available  as  a  movie).  These  findings  support  the 
role  of  PKC  in  the  sorting  machinery  controlling  GLUTl  recycling  in  mammary 
epithelial  cells,  as  in  many  other  cells,  as  described  above.  Based  on  lack  of  other 
evidence  from  the  literature,  and  the  fact  that  staurosporine  had  similar  effects  in  GM  and 
SM,  we  cannot  establish  tissue-specific  or  prolactin-induced  role  for  PKC  in  the  control 
of  GLUTl  intracellular  trafficking  and  targeting. 

Future  studies  will  aim  at  defining  the  underlying  mechanism  that  allows  this 
relatively  rapid  changes  in  GLUTl  subcellular  targeting  in  response  to  prolactin. 
Possibly,  tills  is  related  to  phosphorylation  or  dephosphorylation  reaction  in  response  to 
prolactin. 

Another  subject  that  merits  further  study  is  the  role  of  subpopulations  of 
endosomes  and  endosomal  recycling  compartments  in  GLUTl  basal  recycling  (Malide 
and  Cushman,  1997),  and  moreover  in  its  intracellular  trafficking  and  targeting  in 
secretion  medium,  as  supported  by  the  marked  effects  seen  with  the  arrest  of  endosomal 
acidification  by  bafilomycin  Al.  Co-localization  studies  using  Rab  proteins  (e.g.  Rab4, 
Rab5  and  Rab  11)  involved  in  the  regulation  of  the  transport  machinery  through  distinct 
domains  on  the  endosomes  have  shown  that  endosomes  are  organized  into  compartments 
within  the  same  continuous  membrane,  which  cooperatively  generate  a  recycling 
continuum.  (Sormichsen  et  al.,  2000). 


In  summary,  our  results  demonstrate  a  basal  constitutive  GLUTl  membrane¬ 
recycling  pathway  between  an  intracellular  pool  and  the  cell  surface  in  mouse  mammary 
epithelial  cells,  which  targets  most  of  the  GLUTl  to  the  plasma  membrane  in  GM.  This 
basal  recycling  and  sorting  process  is  common  to  other  cell  types  (Jess  et  ah,  1996),  and 
is  regulated  by  PI3K  and  PKC,  thus  blocked  by  wortmannin  and  staurosporine.  As  in 
other  cell  types  it  is  responsible  for  maintaining  basal  glucose  uptake.  But,  in  mammary 
epithelial  cells  there  is  also  another  hormonally-regulated  cell  type-specific, 
developmental  stage-specific  sorting  machinery  for  GLUTl  intracellular  targeting  in 
lactation.  This  process  is  induced  by  prolactin,  and  is  highly  sensitive  to  low 
concentrations  of  prolactin.  It  provides  the  cell  a  quick  mechanism,  by  which  it  can 
supply  free  glucose  intracellularly,  where  it  serves  as  substrate  for  lactose  synthesis  in  the 
Golgi.  This  machinery  offers  another  level  of  regulation  of  lactose  synthesis  by  altering 
GLUTl  targeting  within  minutes  to  hours,  as  was  demonstrated  also  in  vivo  (Nemeth  et 
ah,  2000).  This  step  may  not  require  new  protein  synthesis,  or  increase  in  the  total 
amount  of  GLUTl  or  enzymes  involved  in  lactose  synthesis,  which  take  longer.  It  may 
also  support  glucose  transport  as  a  rate-limiting  step  for  lactose  synthesis  in  the  Golgi 
during  lactation. 


FIGURE  LEGENDS 


Figure  1  -  CIT3  cells  expressing  EGFP  fusion  to  the  N-  and  C-termini  of  GLUTl: 

High  power  images.  The  high-resolution  images  with  the  green  fluorescent  signal  of 
EGFP  allow  better  demonstration  of  the  change  in  GLUTl  targeting  from  plasma 
membrane  to  intracellular  perinuclear  punctate  pattern.  This  occurs  when  differentiation 
is  stimulated  by  changing  medium  from  growth  media  (GM)  to  secretion  media  (SM)  for 
four  days.  A  -  Plasma  membrane  targeting  of  EGFP-GLUTl  in  GM.  B  -  Intracellular 
pattern  of  EGFP-GLUTl  signal  in  differentiated  cells  in  SM.  C  -  Plasma  membrane 
targeting  of  GLUTl -EGFP  in  GM.  D  -  Intracellular  targeting  of  GLUTl -EGFP  with 
probable  Golgi  distribution  pattern  in  cells  exposed  to  SM.  All  images  captured  with  14 
sec  exposure  time  and  are  at  40x  magnification,  except  for  Fig  A,  whieh  was  optimized  at 
V2  sec  exposure  time  and  higher  power  (60x). 

Figure  2:  GLUTl  chimeras  to  GFP  co-localize  with  native  GLUTl: 

Immunocytochemistry  studies  with  antibodies  against  the  C-terminus  of  native  GLUTl 
showed  that  the  fluorescent  signal  of  both  GLUTl  chimeras  to  GFP  co-localized  with 
native  GLUTl  in  SM. 

Figure  3:  GLUTl  intracellular  trafficking  in  SM  is  dynamic: 

Static  images  of  cells  at  different  levels  of  differentiation  in  SM  demonstrate  that 
dynamic  transport  systems  are  involved  in  the  trafficking  of  GFP-GLUTl  fusion  proteins. 
4  panells.  Upper  left  in  GM,  the  rest  in  SM  at  different  level  of  differentiation.  The  upper 
left  figure  of  each  panel  is  GLUTl -EGFP  signal.  The  upper  right  figure  is  staining  of  the 
same  cells  with  BODIPY-TR-ceramide  (Molecular  Probes,  Inc.  Eugene,  OR),  which  is  a 
dye  that  marks  the  trans-Golgi  in  red.  Living  CIT3  cells  were  pre-incubated  with  5 


nmol/ml  of  BODIPY-TR-ceramide  at  4°C  for  30  minutes.  Lower  left  figure  is 
superimposed  image  of  the  upper  figures.  Lower  right  figure  is  phase  contrast  image  of 
the  cells  to  show  the  different  levels  of  differentiation. 

Figure  4:  GLUTl  intracellular  trafficking  in  SM  is  dynamic: 

Living  CIT3  cells  transfected  with  GLUTl-EGFP  and  kept  in  SM  are  followed  by  time- 
lapse  imaging,  where  dynamic  trafficking  of  GLUTl  fusion  proteins  can  be  seen  (Fig.  4, 
also  available  as  movie). 

Figure  5:  Lactogenic  hormones  in  secretion  medium  induces  GLUTl  intracellular 
targeting  in  living  mammary  cells: 

Living  CIT3  cells,  transfected  with  GLUTl-EGFP  and  kept  in  GM,  are  exposed  to  SM. 
Dynamic  trafficking  of  GLUTl  fusion  proteins  intracellularly  is  demonstrated,  starting 
after  approximately  50-60  minutes,  with  maximal  intracellular  targeting  within  90-110 
minutes.  When  the  cells  are  returned  to  GM,  most  of  the  changes  are  reversible  within  1- 
2  hours,  although  not  fully,  with  redistribution  of  the  fluorescent  GLUTl  chimera  mostly 
in  the  plasma  membrane  (Fig.  5,  also  available  as  movie). 

Figure  6:  Prolactin  induces  GLUTl  intracellular  targeting  in  living  mammary  cells: 

Exposure  of  CIT3  cells  kept  in  GM  to  secretion  medium  containing  prolactin  without 
hydrocortisone  causes  intracellular  targeting  of  GLUTl.  Dynamic  trafficking  of  GLUTl 
fusion  proteins  intracellularly  is  demonstrated,  starting  after  approximately  50-60 
minutes,  with  maximal  intracellular  targeting  within  90-110  minutes.  When  the  cells  are 
returned  to  GM,  most  of  the  changes  are  reversible  within  1-2  hours,  although  not  fully. 
The  response  was  reproduced  with  prolactin  concentrations  of  3  ng/ml  (compared  to  the  3 
pg/ml  of  prolactin  usually  used  in  SM,  see  Fig.  5)  (Fig.  6,  also  available  as  a  movie). 


Figure  7:  Hydrocortisone  does  not  induce  GLUTl  intracellular  targeting  in  living 
mammary  epithelial  cells: 

Secretion  medium  containing  hydrocortisone  (3  pg/ml  as  in  full  SM)  without  any 
prolactin  caused  no  change  in  GLUTl  subcellular  distribution  (Fig.  7,  also  available  as  a 
movie). 

Figure  8:  Bafilomycin  A1  causes  central  coalescence  of  GLUTl-EGFP  with  loss  of 
peripheral  vesicles  in  SM: 

CIT3  transfected  with  GLUTl-EGFP  and  kept  in  SM  for  96  hours  show  central 
coalescence  of  GLUTl-EGFP  green  signal  with  the  loss  of  peripheral  vesicles  after 
treatment  with  800  nM  of  bafdomycin  Al.  The  effect  was  seen  after  approximately  1 
hour  and  was  not  reversible  upon  withdrawal  of  bafilomycin  Al  (Fig.  8,  also  available  as 
movies). 

Figure  9:  Bafilomycin  Al  causes  central  coalescence  of  GLUTl-EGFP  with  loss  of 
peripheral  vesicles  in  SM: 

CIT3  transfected  with  GLUTl-EGFP  and  kept  in  SM  for  96  hours  show  central 
coalescence  of  GLUTl-EGFP  green  signal  with  the  loss  of  peripheral  vesicles  after 
treatment  with  800  nM  of  bafilomycin  Al.  The  effect  was  seen  after  approximately  1 
hour  and  was  not  reversible  upon  withdrawal  of  bafilomycin  Al  (Fig.  9,  also  available  as 
movies). 

Figure  10:  Wortmannin  causes  internalization  of  GLUTl  signal  in  GM: 

In  GM  1  pM  of  wortmannin  causes  internalization  of  GLUTl-EGFP  plasma  membrane 
signal.  The  effect  was  seen  after  approximately  1-2  hours.  No  reversibility  of  the  effect 


could  be  demonstrated  upon  withdrawal  of  the  wortmannin  (Fig.  10,  also  available  as  a 
movie). 

Figure  11:  Staurosporine  causes  internalization  of  GLUTl-EGFP  in  GM: 

In  GM  staurosporine  causes  internalization  of  GLUTl-EGFP  plasma  membrane  signal. 
This  set  of  time  lapse  images  also  suggests  a  possible  intracellular  and  intercellular 
network  which  constitutes  the  pathway  for  internalization  of  the  GLUTl-EGFP  vesicles 
(Fig.  11,  also  available  as  a  movie). 

Figure  12:  Staurosporine  causes  central  coalescence  of  GLUTl-EGFP  vesicles  in 
SM: 

In  CIT3  cells  exposed  to  SM  for  96  hours,  staurosporine  causes  central  coalescence  of 
GLUTl-EGFP  signal  and  loss  of  peripheral  vesicles  signal  (Fig.  12,  also  available  as  a 
movie). 
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ADB247697 

ADB263453 

ADB243646 

ADB263428 

ADB240500 

ADB253090 

ADB265236 

ADB264610 

ADB251613 

ADB237451 

ADB249671 

ADB262475 

ADB264579 

ADB244768 

ADB258553 

ADB244278 

ADB257305 

ADB245442 

ADB256780 

ADB264797 


ADB263448 

ADB245021 

ADB264544 

ADB254454 


